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ABSTRACT 
At present, both the control of bacterial growth to ensure food safety, and the 
balancing of nutritional requirements and optimization of culture growth conditions 
for beneficial food microorganisms, are essentially empirically based. An alternative 
time- and money-saving approach to this implies a better understanding of the 
physiological processes underlying the cellular response to the applied treatment. In 
the present work, the non-invasive microelectrode ion flux measuring technique 
(MIFE®) was first introduced in food microbiology, to address some of the above 
issues and to shed some light on adaptive responses of bacterial and fungal cells to 
environmental change. 
Several "case studies" were undertaken to explore the utility of the MIFE 
technique to study of adaptive responses in a variety of microorganisms. 
First, various methodological aspects of ion-flux measurements in 
microorganisms were addressed. These included the issue of cell immobilisation, 
specific details of culture growth and preparation, and potentially confounding effects 
of environmental "hurdles" on measuring electrodes such as ionic strength of solution, 
pH etc. 
Second, a marine protist thraustochytrid ACEM C, proposed as a valuable single 
source of polyunsaturated fatty acids, was used to demonstrate the applicability of the 
MIFE technique to understanding the physiology of growth and adaptive responses at 
the single cell level. Various aspects of membrane-transport processes, associated with 
thraustochytrid cell growth and development, as well as its adaptive responses to 
osmoticurn, temperature, and nutritional status, were studied. 
Third, in a pioneering application of the MIFE technique to bacterial cells, 
adaptive responses of immobilised bacteria of different genera were studied at the 
population level. The major emphasis was on Listeria monocytogenes and Escherichia 
coli, two physiologically contrasting organisms of great economic importance to food 
microbiology. The adaptive responses were studied in relation to acid stress, 
bacteriocin (nisin) action, and substrate availability. 
Abstract iv 
Finally, an investigation was made into the feasibility and utility of combining 
the MIFE technique with another method and study of bacterial adaptive responses, 
specifically, fluorescence Ratio .Imaging Microscopy (FRIM), L. monocytogenes 
responses to acid stress were used as a case study. 
Overall, this study showed, for the first time, that the application of the MIFE 
technique to study membrane-transport processes in food-related rilicroorganisms 
might lead to significant conceptual advances in the understanding of the mechanisms 
underlying growth and adaptive responses of bacterial and fungal cells and could 
contribute to reducing food-borne infections or towards improved productions of 
nutritionally important compounds. 
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Chapter 1 
GENERAL INTRODUCTION 
1.1 Research aims, significance, and project layout 
1 
One of the most remarkable properties of bacteria is their ability to survive 
extreme environmental stresses. Bacteria "break the rules" that biologists take for 
granted and, by doing that, give researchers unique insights into the limits oflife. 
These remarkable attributes of bacteria inevitably pose several important questions. 
How do bacteria cope with such extremes? What are the physiological mechanisms 
behind this? How can we exploit this knowledge to efficiently control bacterial 
growth? 
Central to food microbiology is food safety. According to recent USDA 
estimates, food-borne disease costs USA $6.9 billion per year 
(www.meatingplace.com). The Australia New Zealand Food Authority (ANZFA) 
stated the incidence of foodborne disease in Australia in 1999 as 4.2 million cases 
per annum, similar to most industrialised nations (Sumner et al., 2000). Almost half 
of that amount is attributed to two food-borne pathogens, namely Escherichia coli 
and Listeria monocytogenes. Recent increase in incidence, magnitude and severity of 
food-borne disease outbreaks in industrialised nations (Altekruse et al., 1997; Miller 
et al., 1998; ANZFA, 1999) has highlighted the importance of thorough studies into 
mechanisms underlying bacterial growth and survival. 
E. coli is a Gram-negative, mesophilic bacterium, that is an important 
component of the facultatively anaerobic biota in the intestine of warm-blooded 
animals (Orskov, 1984). During the last two decades, several strains of E. coli, 
specifically 0157:H7 and non-0157:H7 shiga-toxic E.coli emerged as a major cause 
of food-borne disease outbreaks. In the USA the cost due to each of these strains was 
estimated at $659.1 and $329.7 million annually, with over 90,000 registered cases in 
2000 (USDA estimates on 12-06-01, see www.meatingplace.com/ 
meatingplace/DailyNews/). A recent outbreak of E.coli in Canada in 2000 involved 
more than 1346 cases and claimed lives of 6 people (BGOSHU report, 
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www.plant.uoguelph.ca/safefood/). The highest likelihood of pathogenic E. coli 
contamination was found to be in meat products, unpasteurised milk, cheese, 
mayonnaise and apple cider (Wells et al., 1991; Besser et al., 1993; Willshaw et al., 
1994; Hathcox et al., 1995). 
L. monocytogenes is a food-borne Gram-positive bacterial pathogen that causes 
severe illnesses including meningitis, septicemia, and abortion. The reported 
mortality rates are as high as 40% (Farber and Peterkin, 1991). In 1998, it caused 
higher rates of hospitalization than any other food-borne pathogen in the USA and 
caused nearly half the reported deaths (DHHS/FDA/CFSAN, 2001). The estimated 
cost of food-borne listeriosis is $2.33 billion a year (USDA estimates on 12-06-01, 
see www.meatingplace.com/ meatingplace/DailyNews/). L. monocytogenes can 
'colonise' food processing factories making it difficult to eliminate (Smoot and 
Pierson, 1998 a, b) and frequently leads to post-processing contamination. 
L. monocytogenes' ability to grow at refrigeration temperatures and in the presence 
of high salt levels, and its ubiquity in nature (Gray and Killinger, 1996) make it a 
threat to susceptible consumers of long shelflife foods that are eaten without further 
cooking, e.g. pasteurized milk, soft cheeses, cold smoked fish, delicatessen meats, 
'fresh-cut' vegetables and salads, etc. The risk to public health of L. monocytogenes 
in foods has recently been the subject of several large national and international 
scientific reviews (DHHS/FDA/CFSAN, 2001; WHO/FAO, 2001). 
Current consumer trends favour foods which are perceived to be "natural'', i.e. 
that have few added preservatives, and have received minimal processing. At the 
same time, consumers expect all foods to be safe, creating a paradox for the food 
industry, i.e. how to achieve affordable, minimally-processed foods that are stable 
enough to reach increasingly distant markets, and are safe from pathogens. The 
traditional approach has been to use a number of inhibitory factors (low pH; salt; 
temperature), each at an average level, which are believed to act synergistically to 
prevent growth. This approach has been termed "Hurdle Technology" (Leistner, 
1987). Conventional ways to screen for the most optimal combinations involve 
lengthy and costly empirical processes. Many inhibitors are routinely used for food 
processing (preservation with different chemicals including acid preservatives and 
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high salt levels; extreme temperatures; bacteriocins; UV treatment, etc.). Not only 
should each of these be tested in a wide range of concentrations/values, specific for 
each organism, but also the sequence of stress factors might significantly affect 
bacterial growth and survival patterns (Shadbolt et al., 2001 ). 
Improving the application of"Hurdle Technology" implies a better 
understanding of the physiological processes underlying cellular response to the 
applied treatments. Insights into early events, associated with environmental 
perception and signalling in microorganisms, might offer efficient measures to 
control their growth with minimal doses of treatments used. 
Although microbial growth is a problem when it results in food spoilage, 
microorganisms are also used beneficially in the food industry for food production. 
Controlled growth of microorganisms on or in foods is used to produce numerous 
foods and beverages that are considered gastronomic delights. For the most part, the 
fermentative metabolism ofmicroorganisms is exploited in food production. For 
example, the growth of microorganisms in or on milk produces a variety of dairy 
products such as sour cream, yogurt, kefir, and cheese; fermentation of fruits and 
grains results in wine and beer production, respectively. Furthermore, fermentative 
bacteria and yeast are used in production of fermented meat (eg., salamis) and 
vegetables, as well as leavening of bread. Another example is vinegar production, 
where microbial oxidative metabolism is used. In all these cases optimisation of 
microbial growth and accumulation of their metabolic products is desirable. 
Microorganisms can also be used as a source of single-cell protein (SCP) 
(Atlas, 1984). Various bacteria, fungi and algae are potential sources oflarge 
amounts of SCP. There is also growing interest towards using microorganisms as a 
source for edible oil production. Thraustochytrids have attracted special interest as a 
rich source of polyunsaturated fatty acids (PUFA) with high level of 
docosahexaenoic acid (DHA) in particular.- The current and potential market for 
PUF A products spans animal feeds, human food additives (for bread, spreads, soft 
drinks, infant formula enrichment), nutraceuticals, and pharmaceutical industries 
(Takahata et al., 1998; Lewis et al., 1999). Fish oils, commonly used at present, 
cannot satisfy growing demand for PUFA (Lewis et al., 1999). Furthermore, the 
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amount ofDHA in thrm,istochytrids reaches as high as 40% as compared with 7-14% 
in fish oil (Singh and Ward, 1996; Iida et al., 1996). In the United Kingdom, fish oils 
account for approximately 29% (US $140 million) of the total annual market for 
nutraceuticals (Mukherjee, 1999). The western European market for infant formula 
increased from 81,500 tonnes in 1988 to 103,933 tonnes in 1994 (Lewis et al., 1999). 
Efficiency of PUF A production can be optimised by varying the culture and growth 
conditions. For such microorganisms, understanding of cell adaptive responses might 
be used to optimise growth conditions, ultimately enhancing efficiency of 
technological processes in the food industry. Microorganisms are potentially an 
important inexpensive source of SCP and PUF A rich products. 
Cellular membranes are traditionally considered to act as a semi-permeable 
barrier allowing the preferential uptake of some nutrients, and preventing or 
restricting accumulation of undesirable chemicals (Maloney and Wilson, 1996). 
Recent progress in electrophysiology and molecular genetics has revealed the crucial 
role of plasma membrane transporters in perception and signalling in response to 
literally every known environmental factor (Zimmermann et al., 1999). Changes in 
plasma membrane potential and/or ion flux modulations are amongst the earliest 
cellular events ever measured in response to light (Grishanin et al., 1996; Hegemann, 
1997; Spudich, 1998; Shabala and Newman, 1999), temperature (Ilan et al., 1995), 
hormonal stimuli (Blatt and Thiel, 1994), elicitors (Nurnberger et al., 1994), osmotic 
stress (Shabala, 2000) and mechanical stimulation (Gustin et al., 1986) in many 
organisms. However, little is known of early events in the adaptive response of 
bacterial cells occurring at the cell membrane that enable their survival in hostile 
environments or their growth in ready-to-eat foods. 
In this work, a new approach to understanding the mechanisms of inactivation 
or inhibition of growth, required to advance minimal preservation technology, is 
undertaken based on the novel application of the Microelectrode Ion flux ,Estimation 
(MIFE®) technique in food microbiology. The MIFE technique was developed at the 
University of Tasmania and since the late 1990's has been successfully applied to the 
study of various aspects of membrane-transport processes in plants (Shabala et al., 
1997; Shabala and Newman, 1997 a, b, 1998; Pharmawati et al., 1999; Babourina et 
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al., 2000; Shabala, 2000; Newman, 2001). In the present work, a comprehensive 
study on the feasibility ofMIFE application in food microbiology was undertaken, 
aimed to shed light on adaptive responses of bacterial and fungal cells. 
5 
Proper cell immobilisation is one of the key factors in successful MIFE 
measurements of bacterial cells. Therefore, an efficient experimental protocol for cell 
immobilisation was developed. 
Considering the large number of microorganisms of particular significance to 
the food industry, it might take years, if not decades, to provide the explicit coverage 
of all aspects of cell adaptive responses to all known "hurdles". That is clearly 
beyond the scope of a PhD project. A few "case studies" to explore the feasibility of 
application of non-invasive ion-flux measurements were undertaken to study 
adaptive responses in food-related microorganisms. The experimental part consists of 
three major blocks: methodological aspects, single-cell level, and population studies 
(Fig. 1-1). 
The first block deals with methodological aspects of ion-flux measurements in 
food microbiology. The pioneering nature of this study meant that many important 
methodological issues had to be addressed to ensure absence of unwanted side-
effects on measurements. That included the issue of cell immobilisation, and 
potentially confounding effects of environmental "hurdles" such as ionic strength of 
solution, pH, etc. on measuring electrodes. All those were addressed prior to 
commencement of physiological studies into adaptive responses of the studied 
organisms and are presented in Chapter 3. 
The second block is related to MIFE application at the single cell level. As a 
"case study'', the marine protist thrausochytrid ACEM C, which is used in food 
biotechnology as a valuable single source of poly-unsaturated fatty acids, was used. 
Chapter 4 covers application of the MIFE technique to study various aspects of 
thrausochytrid ACEM C cell growth and development, as well as its adaptive 
responses to osmoticum, temperature, and nutritional status. Specific emphasis was 
placed on the role of ion flux oscillations associated with the cell life cycle and on 
adaptive responses to hypoosmotic stress and low temperature effects (Fig.1-1 ). 
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In the third block of the study, the MIFE technique was applied to study adaptive 
responses of immobilised bacteria at the population level. First, the application of 
MIFE to study transport processes at bacterial membranes using different bacterial 
genera was demonstrated. The studies included screening a variety of bacteria to 
ensure MIFE applicability. The major emphasis was on Listeria monocytogenes and 
Escherichia coli, two physiologically contrasting (Gram-positive and Gram-negative, 
respectively) organisms of great economic significance to food microbiology (see 
above). Adaptive responses were studied in relation to acid stress, bacteriocin action 
(nisin), and substrate availability. Finally, the feasibility and utility of combining the 
MIFE technique with fluorescence Ratio Imaging Microscopy (FRIM) to study 
bacterial adaptive responses was investigated (using L. monocytogenes responses to 
acid stress as a case study). 
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Fig. 1-1. General layout of the study. 
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Consequently, the major objectives of this study were: 
(i) Developing an efficient experimental protocol for cell immobilisation, thus 
providing a bacterial monolayer for MIFE measurements; 
(ii) Assessing the feasibility of the non-invasive ion flux measuring (the MIFE) 
technique in food microbiology for a variety of microbial and fungal 
organisms; 
(iii) Developing experimental protocols enabling ion flux measurements from the 
surface of immobilised bacteria, thus providing an opportunity to study their 
adaptive response mechanisms; 
(iv) Showing the practicability of using bacterial (E. coli) and fungal 
-
7 
(thrausochytrid ACEM C) organisms as model subjects for studying the role of 
membrane-transport processes and associated ion flux kinetics in cell growth 
and development; 
(v) Demonstrating feasibility of application and providing new insights into 
membrane-transport processes associated with bacterial response to some 
major "hurdles" used in food preservation, such as low pH, salt, or 
bacteriocins; 
(vi) Exploring the feasibility and utility of combining the MIFE technique with 
FRIM. 
Chapter I Introduction 8 
1.2. Role of membrane-transport processes in growth and adaptive 
responses of microbial organisms 
The cytoplasmic membrane is a selective barrier that restricts entry and exit of 
solutes thus being regarded as a "natural' barrier of an organism. When integrity of 
the membrane is l,ost, the cells are freely permeable to all solutes, finally leading to 
their death (Yeagle, 1989). Membranes play a central role in both the structural 
organization and function of all cells. Membranes control the movement of essential 
solutes (inorganic ions and nutrients) in and out of the cell. Whereas the primary role 
of membrane lipids is the formation of a stable bilayer, membrane proteins provide 
the active components for biological membranes. These proteins are responsible for 
the trans-membrane communication and functional interactions within the plane of 
the membrane. 
The processes at and in the plasma membrane largely determine why, for 
instance, a specific environment results in a specific growth rate or in the 
overproduction of a specific metabolite (Maloney and Wilson, !996; Burgstaller, 
1997). Membrane transport and the metabolism are thus 'two sides of the same 
I 
fence', which cannot be separated. 
Membrane transporters are involved in a response to any environmental or 
endogenous stimuli (Zimmem1ann et al., 1999). Changes in membrane-transport 
activity have been demonstrated in a large number of bacteria in response to virtually 
every known environmental constraint such as temperature extremes, osmolarity, 
high and low pH and other factors. Membrane transport underpins a wide range of 
essential processes, the most important of which are: 
(1) Nutrient acquisition and waste product excretion; 
(2) Cell energetics; 
(3) Cytosolic pH homeostasis; 
( 4) Osmotic regulation; 
(5) Signal transduction. 
Details of these important functions of the membrane are given below. 
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1.2.1 Transport of nutrients and extrusion of wastes 
Transport of nutrients into the cell and extrusion of wastes is a fundamental 
requirement for any organism. Both fungi and bacteria survive in environments that 
are poor in nutrients. As a consequence, they have developed a variety of 
mechanisms for the transport of metabolites from the external medium, where such 
molecules may occur at very low concentrations, to the cytoplasm where the 
concentrations must be considerably higher to sustain metabolism. Apart from the 
nutrients, some inorganic ions ( eg. potassium and ammonium) must also be taken up 
against a concentration gradient. Potassium is the most abundant cytoplasmic cation 
in growing bacterial cells, playing a crucial role in the activation of cytoplasmic 
enzymes, maintenance ofturgor pressure, and regulation of cytoplasmic pH (Bakker 
et al., 1987; Silver, 1996; Booth, 1985, 1999). The concentration of K+ in the 
bacterial cytoplasm is generally much higher than in the surrounding medium, 
approximately 200 mM in Gram-negatives and up to 400 mM in Gram-positives 
(Nicholls and Ferguson, 1992; Silver, 1996). Consequently, energy is usually 
required to take :K_+ up against the concentration gradient. The same is true for 
ammonium uptake. E. coli was shown to have an energy-dependent NRi + uptake 
system (Stevenson and Silver, 1977; Barnes and Jayakumar, 1993). 
For the uptake of anions, energy is necessary (active transport) even if the 
extracellular concentration of the nutrient is higher than the intracellular 
concentration. The reason for this is that the membrane potential is negative inside 
(e.g. steep uphill electrical gradient for anions). The uptake of orthophosphate is an 
example (Jennings, 1995). These uptakes are therefore entirely dependent on 
metabolic energy. 
Regardless of an organisms structure ( eukaryotic or prokaryotic ), very rigid 
physiological constraints are imposed on intracellular Na+ and Ca2+ concentrations. 
High sodium levels in the cytosol are believed to impair significantly the activity of 
key cellular enzymes and, therefore, must be kept at some reasonably low level 
(Padan and Schuldiner, 1996; Silver, 1996). As for Ca2+, due to its unique role as a 
second messenger in all living organisms (Norris et al., 1996; Sanders and Bethke, 
2000), its cytosolic concentrations are maintained at constant levels of the order of 
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100 nM (Sanders and Bethke, 2000). Both intracellular Ca2+ and Na+ homeostasis is 
regulated by the active extrusion of these ions via either corresponding pumps (in 
some organisms), or using hydrogen-coupled secondary active transport mechanisms 
(Silver, 1996; Smith et al., 1999; Sanders and Bethke, 2000). 
Furthermore, metabolism inevitably generates waste products that must be 
removed from the cytosol. The examples of the latter include lactate and acetate, 
products of metabolism of most bacteria (Huisman et al., 1996). In biotechnology, 
membrane transport exerts an important influence on useful product formation via 
the excretion mechanism(s). This enables an easier separation of the desired product 
from the cell mass (Burgstaller, 1997). 
1.2.2 Role in cell energetics 
The bacterial membrane plays a crucial role in cell energetics. In the living cell 
two major forms of energy are ATP and ion gradients across the cell membrane. ATP 
represents a pool of free chemical energy that is released upon hydrolysis of the 
molecule. The ion gradients represent free energy stored in an electrochemical 
gradient of either H+ or (in some organisms) Na+, and is a result of membrane semi-
permeability (reviewed by Nicholls and Ferguson, 1992; Lolkema et al., 1996). The 
gradients exert a force on the ions (the ion motive force) that consists of two 
components, the chemical potential difference ~pion and the electrical potential 
difference ~'I'· A proton electrochemical potential difference is known as the proton 
motive force (PMF). The PMF is a measure of the free energy stored in a trans-
membrane electrochemical potential difference for H+ an4 may be expressed in volts. 
Consequently, the PMF consists of two components: the chemical potential 
difference ~pH and the electrical potential difference ~\j/, according to the following 
equation: 
PMF=~\j/ - 2.3 RT/F ~pH (1) 
where R is the gas constant, T is the absolute temperature, Fis the Faraday constant. 
The equation is also applicable if the ion and electrochemical gradients represents 
Na+. 
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The PMF can be generated by different mechanisms depending on the energy 
conversion pathways in the organism (Mitchell, 1973). In anaerobic organisms, 
which lack the respiratory chain, the ATP produced during fermentation is 
hydrolyzed by the proton-translocating ATPase. The ATPase system utilises the free 
energy of A TP hydrolysis to carry out the extrusion of protons with concomitant 
generation of PMF (Harold, 1986). Conversely, in aerobes, the translocation of 
protons down the electrochemical gradient during respiration can be efficiently 
coupled with ATP synthesis, generating PMF (Maloney, 1990). The respiratory chain 
is a metabolic pathway consisting of alternating carriers for hydrogen and electrons. 
These carriers couple the oxidation of a substrate (using oxygen as the final electron 
acceptor) with the net extrusion of protons from the cytoplasm. Therefore, a major 
function of the respiratory chain is to pump protons across the cytoplasmic 
membrane with the consequent establishment of a PMF. The ATPase utilises the 
PMF to power the phosphorylation of ADP for ATP synthesis (Harold, 1986). 
The PMF is the driving force for a number of energy-demanding processes in 
the cell (Fig. 1-2). The different pools of free energy are inter-convertible through the 
' 
action of reversible ATPases/synthases that couple transport of either H+ or Na+ to 
the hydrolysis/synthesis of ATP. The total free energy in the pools increases as a 
result of ATP synthesis by substrate level phosphorylation and the translocation of 
proton and sodium ions across the cell membrane (Lolkema et al., 1996). The PMF is 
generated as a result of both metabolic and transport steps. 
Biological processes directly linked to the PMF include ATP synthesis, protein 
phosphorylation, flagellar synthesis and rotation, reversed electron transfer, 
transmembrane transport of proteins, accumulation of ions and metabolites with the 
help of specific carriers etc (Fig. 1-2). 
I 
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Fig. 1-2. Energy transduction by the W circulation and the coupled transport in E. 
co/i. Respiration drives W extrusion from the cell (a) that generates a proton 
potential. W re-enter the cell via a number of routes and perform useful work: (b) 
W-ATPase, (c) by symport with a substrate (S), (d) the flagellar motor, (e) pyridine 
nucleotide transhydrogenase; several kinds of W-linked transport systems: (h) the 
Na+m+ antiport, (i) Ca2+m+ antiport, (1) K+m+ antiport, (m) symport with anions. In 
(g), G), and (k) the presence of Na+ and Ca2+ leak and active uptake systems for K+, 
respectively, together with their respective antiports, constitute the Na+, Ca2+, and K+ 
cycles of the cell. Also shown an example ofNa+-linked substrate (S) transport (f). 
(Based on Booth, 1985; Harold, 1986; Harold and Maloney, 1996). 
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Since the activity of these processes will cause the dissipation of the PMF, a 
continuous extrusion of protons is necessary for the maintenance of a fairly constant 
PMF. It is accepted that for a normal bacterial cell to function, the PMF values 
should be maintained at about -100 m V to -200 m V (Hellingwerf and Konings, 
1985). Another important feature of PMF is maintaining a relatively high membrane 
potential, typically of about-120 to-150 mV (negative inside), which is used as a 
driving force for passive uptake of many ions (Kashket, 1981 ). In addition, there are 
also active transport processes that are powered by a Na+ electrochemical gradient or 
by the direct hydrolysis of ATP (Nicholls and Ferguson, 1992). The sodium 
electrochemical gradient was demonstrated to be used in some organisms where Na+ 
circuits are generally important, e.g. Vibrio species (Nicholls and Ferguson, 1992). 
1.2.3 Maintenance of cytosolic pH homeostasis 
The structure and function of most macromolecules is influenced by pH. 
Among the most pH-sensitive are enzymes. Changes in pH are known to alter the 
charges of the 3D active site and the substrate such that the binding capacity is 
affected (Raven et al., 1999). Therefore, the intracellular "metabolic kitchen" is 
efficient only within a certain narrow range of internal pH (pH1). This is achieved by 
a complex network of mechanisms aimed at maintaining pH1 at an almost constant 
level despite variations in the pH of the environment, termed "pH homeostasis" 
(Guern et al., 1991; Hall et al., 1995). 
Based on the actual pH, values, three major groups of bacterial organisms are 
distinguished: acidophiles, neutrophiles and alkaliphiles (Booth, 1985; Hall et al., 
1995). When the difference between pH1 and pH0 is high, the pH homeostasis might 
collapse resulting in the organism's death. 
Maintaining the pH homeostasis is achieved via numerous mechanisms (Datta 
and Benjamin, 1997; Dilworth and Glenn, 1999) including: 
i) decrease in membrane permeability; 
ii) increase in cytoplasmic buffering capacity; 
iii) amelioration of pH0 ; 
iv) proton extrusion/uptake. 
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Membrane permeability. The first line of defence is to minimize membrane 
permeability, to prevent either the uptake or loss ofH+, depending on the pH0 • The 
permeability barrier to protons, and no other ions, is therefore an important 
component of the homeostatic system. It was shown that H+ permeability may be 
regulated by changes in membrane lipid composition (Booth, 1999). Growth at low 
pH was shown to have altered the lipid composition of bacterial membranes, leading 
to a decreased ratio between unsaturated and saturated fatty acids, and to an increase 
in cyclopropane fatty acids (CPFAs) (Lepage et al., 1987; Brown et al., 1997). Other' 
adaptive responses include increase in phospholipids with amino head groups 
(Koostra and Smith, 1969; Gould and Lennarz, 1970; Kocun, 1970, Haest et al., 
1972). Such lipid changes have been proposed as a barrier to proton entry (Haest et 
al., 1972) and could directly affect the proton permeability leading to a higher pH 
homeostatic capacity. 
Although there is evidence that this option is implemented (Booth, 1985), and 
that membrane composition can vary with pH (Arneberg et al., 1993), it clearly has 
its limits. Reducing membrane permeability for W or OH- will inevitably result in 
the dramatic reduction in permeability for other ions required to maintain the cell 
metabolism (Dilworth and Glenn, 1999). Therefore, some other avenues to maintain 
pHi homeostasis should be explored. 
, Buffering capacity. Another strategy for pH, homeostasis involves cytoplasmic 
buffering to counteract potential upward or downward shifts in pHi. Buffering due to 
synthesis of intracellular metabolites involves continuous production of buffering 
materials and consequently a steadily increasing concentration of them. In the neutral 
to slightly acidic pHo range the buffering capacity of the cytoplasm has been 
estimated to be of the order of 50-100 nmol W /pH unit per mg cell protein (Booth, 
1985). Data of Krulwich et al. (1985) support these findings. For most cells that 
maintain pH, in the neutral range the buffering capacity derives from the titration of 
the phosphate groups and carboxylates of physiologically abundant :µietabolic 
species. Although the buffering of cytoplasm might avert a temporary crisis, later 
reports consider that it is difficult to envisage it as a long-term strategy (Ingraham 
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and Marr, 1996; Dilworth and Glenn, 1999) and conclude that cytoplasmic buffering 
capacity plays a limited role in cellular pH homeostasis. 
Amelioration of pH00 Bacteria commonly modify pH0 through metabolic 
activities. Catabolism of sugars or sugar alcohols generally results in acidification, 
whereas catabolism of organic acids or amino acids leads to rises in pH0 (Gale and 
Epps, 1942; Meng and Bennett, 1992; Watson et al., 1992; Stirn and Bennett, 1993). 
A major disadvantage of the amelioration strategy is the requirement for continuous 
access to suitable substrates in sufficient quantities. For enteric or other bacteria in 
nutrient-rich environments, such as the gut or elsewhere inside animals, amelioration 
may be practical. For many bacteria in natural pH-stressed environments, appropriate 
substrates are unavailable and amelioration is not achievable. Dilworth and Glenn 
(1999) also suggest that amelioration of the external environment is unlikely to be a 
major factor in resistance to change in pH0 • 
Ion extrusion/uptake. Another extremely important option involves energy-
requiring systems to pump ions actively in such a way that pH1 can be maintained. 
Booth (1985) proposed to consider a bacterial homeostatic system as being 
composed of two major components: "passive" and "active". The former includes 
membrane permeability and buffering capacity, the latter is achieved through the 
controlled movement of cations across the membrane. Active homeostasis implies 
the ability to sense, and respond to, perturbations of pH1 (Booth, 1999). To maintain 
specific pH1 the cell needs to be able to either acidify or alkalinise the cytoplasm 
beyond the desired set point depending upon the direction of the initial perturbation. 
Cation transport, specifically Na+ and K+, is essential to these processes. The 
movement of sodium ions has a major role in regulation of the cytoplasmic pH of 
alkaliphiles (Padan and Schuldiner, 1994; Krulwich et al., 1997). Potassium transport 
plays a major role in pH homeostasis in E. coli and other bacteria living at neutral pH 
(Kroll and Booth, 1981; Kroll and Booth, 1983; Booth, 1999). 
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1.2.4 Osmotic regulation 
Unlike animal cells, plant, fungal, and bacterial cells (with the exception of the 
mollicutes) are all surrounded by a cell wall that resists deformation. The presence of 
a wall permits them to generate turgor (positive pressure). Consequently these 
organisms maintain an intracellular osmotic pressure greater than that of the 
surrounding medium. Maintenance of turgor pressure is essential for growth and 
division of the cell (reviewed by Ingraham and Marr, 1996). For example, E. coli 
maintains a turgor pressure of approximately 0.3 MPa over a wide range of 
osmolality of external medium. It follows that the concentration of solutes in the 
cytoplasm must increase linearly with external osmolarity in order to maintain turgor 
pressure. Transport processes play a crucial role in this homeostasis. K+ is 
particularly important in this respect (Epstein and Schultz, 1966; Ingraham and Marr, 
1996). Species of microorganisms differ significantly with respect to the lower limits 
of water activity (aw), or upper limits of osmolality, permitting growth; the lower 
limit tolerated by any microorganism is about 0.62, equivalent to about 30 osM 
(Ingraham and Marr, 1996). For example, E. coli is in the mid range of osmotic 
tolerance exhibited by nonhalophilic bacteria, and is more tolerant than B. subtilis 
and Pseudomonas aeroginosa but less so than many lactobacilli and particularly 
Staphylococcus aureus (Ingraham and Marr, 1996). 
Transport of ions helps maintain osmotic potential of an organism. Thus, for E. 
coli growing in minimal medium at high external osmolality, the osmolality of the 
cytoplasm is increased by the accumulation ofK+, glutamate, and trehalose, and 
ionic strength is reduced by the exchange of K+ for putrescine. These adjustments 
permit growth up to an external osmolality of at least 2 osM (McLaggan et al., 1994). 
L. monocytogenes and many other non-halophiles were also shown to transport 
compatible solutes (e.g. glycine betaine, carnitine) from the external media (Galinski, 
1995; Verheul et al.,1997a). Other bacteria exhibit similar strategies (reviewed by 
Galinski, 1995). 
Conversely, transport of solutes from the cell during hypoosmotic shock 
enables cells to survive in dilute media without bursting (reviewed by Lang et al., 
1998; Wood, 1999). Bakker (1992) found that if a culture of E. coli growing in 0.4 M 
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NaCl is abruptly diluted 1:1 with water, 90% of the K+ and glutamate and 60% of the 
trehalose are lost from the cells while ATP and alanine are retained. These examples 
illustrate the importance of transport processes in osmoregulation. 
1.2.5 Signal transduction 
Membrane transport involvement in signal transduction is best documented for 
plant and animal systems. Many biotic and abiotic signals for plant growth and 
development trigger their respective responses by transiently increasing the 
concentration of cytosolic free calcium, which is accomplished through the activities 
of two kinds of transport systems. First, Ca2+-translocating ATPase removes Ca2+ 
from the cytosol by pumping it across the plasma membrane, thereby maintaining the 
cytosolic concentration of free Ca2+ at about 0.1-0.2 µM. This low concentration of 
free Ca2+ is essential in all cells to prevent precipitation of phosphates, but in 
eukaryotes it has become a base on which stimulus-response coupling pathways are 
built. Second, Ca2+ -permeable channels open in response to particular stimuli and 
allow the passive entry of Ca2+ into the cytosol, thereby propagating the signal 
(Sanders and Bethke, 2000). 
Recent evidence suggests that a similar calcium signalling system exists in 
bacteria (reviewed by Norris et al., 1996). More than 30 receptors are known in E. 
coli, including 15 chemoreceptors, as well as pH, temperature, and proton-motive 
force sensors. The latter are outstanding among these receptors because changes in 
the PMF can activate or deactivate a transport system (Stein, 1986). This regulation 
includes voltage-gated calcium channels responsible for influx and efflux, and 
calmodulin-like proteins responsible for mediating responses to calcium, thus 
implicating signal transduction across the cellular membrane. Calcium is 
increasingly implicated in a number of bacterial functions, including heat shock, 
pathogenicity, chemotaxis, differentiation, and the cell cycle (reviewed by Norris et 
al., 1996). Signal transduction mechanisms in yeast are also well studied (Rep et al., 
1999; Holyoak et al., 2000; de Groot et al., 2001). In contrast, less details are known 
about signal transduction in fungi (Burgstaller, 1997). 
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1.3. Membrane transport systems in microorganisms 
Membrane transport plays a fundamental role in many biological processes in 
cells. The complete sequence of the yeast genome reveals that about 2000 of the 
6000 genes encode proteins associated with membranes, of which a large portion are 
transport system components (Sanders and Bethke, 2000). 
For an ion bearing a net charge, two factors determine the energy requirements 
of its movements across the membrane: the concentration difference across the 
membrane, and the membrane electrical potential difference (membrane potential). 
Transport processes occur via primary active transporters (pumps), secondary 
transporters (carriers), and channels. 
1.3.1 Pumps 
Only a few systems directly couple ion transport to the scalar events of 
intermediary metabolism. These are associated with electron transport, Na+-
translocated decarboxylases and ATPases that are linked to the hydrolysis or 
synthesis of ATP (Harold and Maloney, 1996). Pumps catalyse transport of ions or 
complex organic molecules against their electrochemical gradients. W pumps are 
generally driven by ATP hydrolysis (in plants, fungi, and fermenting bacteria), 
removing H+ from the cytosol and generating a PMF across each membrane. In 
respiring bacteria, the electron transport chain is arranged across the cellular 
membrane in such a way that protons are translocated outside the membrane, and 
ATP is synthesised when protons enter the cell. 
Two major classes of ATP-linked ion motive force are recognized in bacteria: 
(i) the P-type A TPases, named so because they are phosphorylated during their 
reaction cycle, and 
(ii) FOFl-ATPases, of which there are two distinct subgroups, F and V types. As a 
general rule, F-type ATPases are found in the eubacteria and their descendants, 
while V-type ATPases populate archaebacterial and eukaryotic domains 
(Harold and Maloney, 1996). 
P-type ATPases hydrolyse ATP to move one or more cations inward or outward, 
or in exchange (H+, Na+, K+, Ca2+, Mg2+, Cu2+, Cd2+ are known substrates) (Stokes 
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and Nakamoto, 1994). Examples include the Mg2+ ATPase of Salmonella 
typhimurium, Kdp (K+)-ATPase of E.coli (reviewed by Harold and Maloney, 1996), 
Cu2+-ATPase of L. monocytogenes (Agranoff and Krishna, 1998). All P-type 
ATPases share extensive amino acid sequence homology. Four large clusters can be 
distinguished. These are composed of Ca2+ - and Mg2+ -motive ATPases (cluster 1 ); 
K+/H+- and K+/Na+-exchange pumps (cluster 2); electrogenic W-ATPases of fungi 
and plants (cluster 3); and W-, Cd2+-, K+, and Cu2+-ATPases (cluster 4) (Fagan and 
Saier, 1994). 
The main bacterial ion pump is the H+-translocating FOFl-ATPase. Barring a 
few exceptions, it is found in all bacterial membranes. In obligate or facultative 
aerobes, it functions to synthesize ATP during oxidative phosphorylations, while 
under anaerobic conditions it itself initiates the H+ circulation by pumping out H+ 
(Harold and Maloney, 1996). 
The proton pumps at plasma membranes are electrogenic. They create 
electrical current because the ions they remove from the cytosol carry charge. 
Therefore, these W-pumping ATPases not only contribute directly to the chemical 
component of the PMF, the ~pH, but also tend to make the electrical component 
more negative (see equation 1). 
The PMF generated by the plasma membrane (PM) W-pumping ATPase 
./ 
powers the transport through a variety of carriers; it also influences ion channel 
activity through its impact on membrane potential. The enzyme therefore constitutes 
a foundation for other transport processes at the plasma membrane (secondary active 
transporters). 
1.3.2 Carriers 
Carriers represent transport systems that couple the electrochemically 
"downhill" flow of ions such as H+ or Na+ with the electrochemically "uphill" flow 
of inorganic ions and solutes. Carriers translocate a wide range of simple solutes, 
including ions, sugars, and amino acids. The transport process does not involve 
chemical modification of any of the compounds bound to the carrier. Solute transport 
through carriers is generally energized through coupling of PMF-driven H+-transport 
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to the flow of the solute against the electrochemical gradient. Carriers translocate a 
wide variety of inorganic ions and small organic solutes with high specificity. The 
principal inorganic nutrients translocated by carriers include NH/, N03-, phosphate, 
and K+. Among organic solutes translocated into cells by carriers are sugars, amino 
acids, and purine and pyrimidine bases (reviewed by Harold and Maloney, 1996). 
Many carriers are symporters or anti porters of H+ or Na+. In some marine algae, 
uptake ofN03- and some amino acids is Na+-dependent. 
The carriers can be classified into three groups (Lolkema et al., 1996).: 
(i) uniporters that catalyse the translocation of a single solute across the 
cytolasmic membrane, 
(ii) symporters that couple the movement of solutes in the same direction, and 
(iii) antiporters that couple the movement of solutes in opposite direction 
Uniporters transport a substrate down its electrochemical gradient (Harold and 
Maloney, 1996). Electrogenic uniporters have been noted for malate and citrate 
uptake in the lactic acid bacteriumLeuconostoc oenos (Salema et al., 1994; Ramos et 
al., 1994); and the glycerol, nitrate, and formate uniporters of E. coli (Maloney and 
Wilson, 1996). 
Carriers that catalyse solute flux in the same direction as H+ or Na+ flux are 
known as symporters. Because protons flow passively across most membranes in the 
direction of the cytosol, symporters typically energize uptake of solute into the 
cytosol. Examples of symporters include: 
- citrate/Na+ in K. pneumoniae (Lolkema et al., 1996) 
- accumulation ofK+ in symport with H+ in E.coli (Maloney and Wilson, 1996) 
- ~-galactoside/W symport in E. coli (Maloney and Wilson, 1996). 
Protons were once thought to be the only cations to move in symport with 
sugars and amino acids into E. coli. It is now known that melibiose and proline 
transport both occur in symport with Na+, driven by the Na+ electrochemical 
gradient (reviewed by Nicholls and Ferguson, 1992; Maloney and Wilson, 1996). 
The Na+ role of the circuit has been established for many species of bacteria 
(Nicholls and Ferguson, 1992; Maloney and Wilson, 1996). Regarding alkaliphilic 
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bacteria this can be explaned on the basis that electrochemical proton gradient is 
too small to drive the transport process. 
Exchange of solutes for protons or sodium ions occurs via antiporters. 
Examples for bacteria include: 
- citrate/H+, malate/H+, lactate/H+ in Le. mesenteroides; 
- malate/H+ and lactate/H+ in L. lactis (Lolkema et al., 1996); 
- Na+/H+ antiport that plays a role in regulation of cytosolic pH (Orlowski et al., 
1992; Fliegel and Frohlich, 1993; Padan and Schuldiner, 1996; Maloney and 
Wilson, 1996). 
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Both symporters and antiporters tend to dissipate the PMF, and this energy is 
conserved in the form of an electrochemical potential for particular solutes. 
1.3.3 Channels 
Channels facilitate the movement of specific ions down their electrochemical 
gradients. Thus ion flow through channels is passive. Channels gate between open 
and closed states. Channel gating might be controlled by a large number of signal 
molecules, as well as by membrane voltage or ligands, depending on channel type. In 
a broad sense, two major type of channels may be distinguished: (a) specific and (b) 
non-specific. 
(a) Specific channels exhibit ionic selectivity. Several classes of ion channels 
have been described in a variety of organisms, including those specific for K+, 
Ca2+, and anions (including er, N03-, and organic acids) that are highly 
selective (reviewed by Stumpe et al., 1996). 
(b) Non-specific channels are also present in membranes. These are mechano-
sensitive (or stretch-activated) channels (MSC) that are opened in response to 
application of some stretch to the membrane ( eg. in response to swelling after a 
hypoosmotic shock) and are not ion specific. The direction of net ion flux 
through a channel is determined solely by the sign of the electrochemical 
driving force acting on that ion. These channels are found in both prokaryotes 
and eukaryotes (Letellier and Bonhivers, 1996; Lang et al., 1998). 
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Both channels and transporters mediate solute movement across the membrane. 
A major distinction that can be drawn between them is that while there is a relatively 
fixed stoichiometry of solute movements per conformational cycle of the transporter, 
there is no strict linkage between the cycle of opening and closing of a channel and 
the number of ions moving. Transporters can create solute gradients using energy, 
provided by either H+ or Na+ motive force of the hydrolysis of ATP, which may 
modify the conformational cycle (Booth et al., 1996). The membrane potential is an 
integral part of the electrochemical driving force on ions, and any membrane 
potential generated by the action of electrogenic pumps will contribute to the overall 
force that drives ions through channels. Plasma membrane anion channels were 
shown to facilitate salt release during turgor adjustment (particularly in response to 
hypoosmotic shock) as well as elicit membrane depolarisation after stimulus 
perception (Bisson et al., 1995; Wood, 1999; Stento et al., 2000). 
1.3.4 Membrane transport systems in model organisms employed in this 
study 
Recent progi.-ess in electrophysiology and molecular genetics has revealed the 
crucial role of membrane transporters in perception and signalling in response to 
environmental factors (Zimmerman et al., 1999): Changes in membrane potential 
and/or ion flux modulations are amongst the earliest cellular events measured in 
response to a variety of treatments (high and low temperature, osmotica, low pH, 
etc.) used in food preservation. However, transport processes are not equally well 
studied in different microorganisms that are of interest in food microbiology. 
E. coli is the model organism used to study transport processes in bacteria since 
the establishment of chemiosmotic theory by Mitchell (1961) with a concomitant 
intensity of study. As a result, its electrophysiology is well characterised. In their 
1996 review, Maloney and Wilson listed more than 70 different transporters known 
to be present at the inner plasma membrane of E. coli; that number has increased 
significantly since that time. 
In contrast, membrane-transport systems in L. monocytogenes are understood 
less well. Only a score of publications are available. These include the evidence of 
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transport systems for carnitine and glycine betaine transporters (Verheul et al., 
1995a, 1997a; Sleator et al., 1999; Ko and Smith, 1999; Fraser et al., 2000; Gerhardt 
et al., 2000), glucose (Parker and Hutkins, 1997), peptides (Verheul et al., 1995b, 
1998), extrusion of heavy metals (Lebrun et al., 1994; Francis and Thomas, 1997; 
Agranoff and Krishna, 1998; Dalet et al., 1 ~99), and multidrug efflux transporter 
(Mata et al., 2000). Despite known salt tolerance of L. monocytogenes, there is no 
information about either the Na+ or K+ transport system in this bacterium. It is 
assumed that transport systems for different bacteria might be similar. However, it is 
not always the case. For example, it is well established that melibiose is transported 
in E. coli in symport with either H+, Na+, or Lt as coupling ions (Maloney and 
Wilson, 1996), while in a closely related bacterium, K. pneumoniae, the sugar is 
transported in symport with H+ but not Na+ (Rama and Wilson, 1992). 
Information on transport systems in thrausochytrids is even more scarce. 
Goldstein and coworkers demonstrated that Na+ is required in the cotransport of 
solutes into the organism (Siegenthaler et al., 1967 a, b; Belsky et al., 1970). 
Wethered and Jennings (1985) demonstrated that inorganic solutes are the major 
contributors to osmotic potential of thrausochytrid grown at different salinity. Garrill 
and co-workers (1992) presented evidence for the presence of an H+ -ATPase and 
absence of a Na+ pump in Thrausto,chytrium spp. As sodium is considered to be an 
essential element in thrausochytrids, a better understanding of transport processes of 
this ion and its interaction with others ( eg. H+, Ca2+) might contribute to the 
improvement of biotechnological processes facilitating thrausochytrid growth. 
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1.4. Modern methods of studying membrane transport processes 
Historically, the transport of ions into and out of the cell has been studied using 
various methods of chemical analysis and tracer techniques. More recently, attention 
has been focussed on the transporters themselves, located in the plasma membrane of 
cells. To understand the mechanisms involved in membrane transport processes, a 
number of modem methods have been employed including destructive sampling and 
depleting methods (atomic absorption spectroscopy or flame photometry), 
radioactive labeling (Soupene et al., 1998; Giraldez-Ruiz et al., 1999; Onoda and 
Oshima, 1988; Kashket, 1982), nuclear magnetic resonance (NMR) technique 
(Salhany et al., 1975, Nicholls and Ferguson, 1992; Gillies, 1994; Kim et al., 1996), 
fluorescent dyes (Gangola and Rosen, 1987; Knight et al., 1991), patch-clamp 
technique (Cui and Adler, 1996; Berrier et al., 1992), and uiffert:nl Lypt:s of ion-
selective electrodes (Busa and Nuccitelli, 1984; Russell and Rosenberg, 1979). Each 
of the techniques described in this section has some particular advantages that make 
it best suited for a particular application, explaining its popularity among researches 
in a given field. At the same time, each of them also imposes certain limitations that 
makes their use problematic, if not unfeasible, in some circumstances. This section 
discusses both the advantages and limitations of the different methodologies in order 
to assess the necessity for application of MTFE in microbiological research. 
1.4.1 Destructive sampling and depletion experiments 
In the recent past, destructive sampling and depletion experiments were the 
most widely used analytical methods to determine the elemental content of 
organisms. These methods are based on cell or tissue sampling followed by 
determination of ions using atomic absorption spectroscopy (AAS) or flame 
photometry (White and Gadd, 1995; Standard Methods, 1985). The rate at which a 
specific ion will be depleted or extruded into solution is the characteristic of the 
nutritional demands of bacterial cells for that element. Samples for analysis must be 
liquid, and biological samples are solubilised using different methods, such as wet 
combustion, leading to destruction of the organism under study. The response of 
AAS or flame photometry is not reliably linear over wide concentration ranges so 
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that the most essential calibration tool is a multi-point standard curve covering the 
concentration range used. The quality assurance of the data is quite low. The matrix 
may affect the response of AAS in some cases. For example, both Co2+ and Cu2+ 
give reduced absorption in the presence of certain other metals (Phillips Scientific, 
1988). It is therefore important to make up standards in a matrix similar to the 
samples. Such interactions present potential problems if there are multiple 
unknowns. 
The advantages of the method include simplicity of handling and a relatively 
low cost per assay. The major problems associated with this approach include: 
limitations on the rate of sampling, which impose severe restrictions on the time 
resolution of this method, and that sample taking over some prolonged period of time 
will result in progressive (and sometimes very significant) decrease of the solution 
volume, additionally complicating calculations, and changing substrate availability 
for bacteria. Also, the destructive nature of the methods makes impossible any 
kinetic studies performed on the same organisms. Finally, it is an extremely time-
consuming method. This severely limits applications of these methods in bacterial 
physiology. 
1.4.2 Radioactive tracers 
Radioisotope tracers are widely used to study transport processes (Kashket, 
1982; Onoda and Oshima, 1988;White and Gadd, 1995; Soupene et al., 1998; 
Giraldez-Ruiz et al., 1999). This method is based on monitoring transport of 
radioactive tracer fluxes using liquid scintillation counting (LSC). Recovery of 
radiotracers can be readily determined by carrying out a mass-balance of 
radioactivity in the various components such as cells and supematants and comparing 
this with the total activity. Tracers are especially applicable to transport experiments 
involving unidirectional fluxes. They can also be used to monitor assimilation or 
intracellular distribution of low amounts of cations (White and Gadd, 1995). In 
recent times, the most frequently used method to measure pH1 in bacteria was 
determination of the distribution of radiolabeled weak acids or bases in combination 
with silicon oil centrifugation (Bakker, 1990; Booth, 1985; Bruno et al., 1992; Cook 
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et al., 1994; Kashket, 1985). The potential negative effects of weak acids on cell 
metabolism can not be ruled out (Breeuwer et al., 1996). 
26 
The advantage of the method is the small sample size required. The method is 
relatively straightforward and simple. However, kinetics of only one ion may be 
monitored in the same experiment. Finally, the main disadvantage of this technique 
is the limited time resolution of this method which severely limits its application to 
study kinetics of fast adaptive responses in bacteria (Kim et al., 1996; Breeuwer et 
al., 1996). 
1.4.3 Nuclear magnetic resonance technique 
Nuclear magnetic resonance is increasingly used for direct measurement of pH 
inside and outside a cell or organelle (Salhany et al., 1975; Nicholls and Ferguson, 
1992; Gillies, 1994; Kim et al., 1996). NMR measures the resonance frequency of 
nuclei which are magnetically 'visible', i.e. which have a non-zero spin value, by 
exposing the sample to an alternating electromagnetic field (see Gillies, 1994 for a 
general review on NMR). Each nucleus has a characteristic frequency, which can be 
resolved on the NMR spectrum. The magnetic field imposed on the nucleus is locally 
affected by the electronic structure of the atom, thus enabling some nuclei to 'sense' 
their chemical environment. Consequently, an ion that alters its electronic structure 
in a pH-dependent manner will have a resonance frequency that shifts on the NMR 
spectrum. The observed small changes (typically a few Hz on the MHz scale of the 
NMR) are compared with a reference compound that does not alter its electronic 
structure as a function of pH. 31 P-NMR is generally used to measure intracellular pH 
(Salhany et al., 1975; Szwergold, 1992). The theory of the technique is based on the 
fact that the resonance energy of the phosphorus nucleus (3 1P) in P1 varies according 
to the protonation state of the latter. As the pKa for H2P04-/HPO/- is 6.8, the 
technique can report values in the range 6 to 7.5 (Nicholls and Ferguson, 1992). The 
NMR signal is the average for the two ionisation states of phosphate, since proton 
exchange is fast on the NMR timescale. If phosphate is present in both the external 
and internal phases, ~pH can be calculated. Shifts in the NMR spectrum of inorganic 
phosphate are often compared to the creatine phosphate signal, that is invariant with 
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pH. Some organic phosphate-containing compounds can also be used for pH 
measurements. These include 2-deoxy-D-glucose, which is phosphorylated into 2-
deoxy-D-glucose-6-phosphate, a species that is pH-sensitive in the physiological 
range (Kim et al., 1996). 
The advantages of NMR include its non-invasive nature. It may measure not 
only intracellular pH, but also other physiologically relevant metabolites. 
A drawback is that NMR has a low sensitivity with the absolute precision 
being limited by the lack of accurate calibration. Finally, NMR requires expensive 
equipment and dedicated operators (Kim et al., 1996). Nonetheless, the technology is 
becoming increasingly available for biological research. 
1.4.4 Fluorescence microscopy 
Fluorescent staining techniques have been successfully applied during the last 
decade for measurements of 
(i) membrane potential and 
(ii) pHi,and cytosolic concentrations of a number of ions (Ca2+, K+, Cr). 
A'l' measurements. In microorganisms a membrane potential(~'¥) is generally 
generated by the extrusion of H+ by the W-A TPase or the electron transport chain. 
Theoretically, this potential can be determined by the distribution oflipophilic ionic 
molecules between the cells and the suspending medium according to the Nemst 
equation (Ehrenberg et al., 1988; Gross and Loew, 1989; Shapiro, 1990; Mason et 
al., 1993; Breeuwer and Abee, 2000). Fluorescent probes, used in microbiology for 
membrane potential determination include: rhodamine 123, carbocyanines such as 
3,3-dihexylocarbocyanine iodide (DiOC6(3)), 3,3-diethyloxacarbocyanine iodide 
(DiOC2(3)), and 3,3-dipropylthiadicarbocyanine iodide (DiSC3(5)), and bis-(1,3-
dibutylbarbituric acid)-trimethine oxonol (DiBAC4(3)). Rhodamine 123 has been 
successfully used in S. cerevisiae (Dinsdale et al., 1995), Micrococcus luteus 
(Kaprelyants and Kell, 1992), and some bacterial biofilms (Yu and McFeters, 1994; 
McFeters et al., 1995). The oxonol DiBAC4 was used to determine the plasma 
membrane potential in S. cerevisiae (Dinsdale et al., 1995), and in some bacteria 
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such as Staphylococcus aureus, Pseudomonas aeroginosa, E. coli and Salmonella 
typhimurium (Deere et al., 1995; Jepras et al., 1997; Suller and Lloyd, 1999). The 
choice of staining reagent depends on the rnicroorganisrn to be studied and their 
physiological conditions. The reagents are not universal due to variation in cell 
permeability and differences in the illteraction between fluorochrornes and their 
biological target for different bacteria and at different physiological conditions 
(Comas and Vives-Rego, 1998). 
Cytosolic pH and other ion concentrations measurements. Fluorescent probes 
that have been exploited to measure pHi in food-related rnicroorganisrns include 
fluorescein 5- (and 6-)-carboxyfluorescein (cF), BCECF, pyranine, and cSNARF-1 
(Breeuwer et al., 1997; Guldfeldt and Arneborg, 1998; Siegurnfeldt et al., 1999; 
Budde and Jakobsen, 2000; Bunthof et al., 2000). The cells are loaded with 
fluorescent dyes, and changes in cytosolic ion concentrations may be monitored. The 
acetoxyrnethyl (AM) ester derivatives of fluorescent indicators make up one of the 
most useful group of compounds to study pH1 kinetics in live cells. Modification of 
carboxylic acids with AM ester groups results in an uncharged molecule that can 
permeate cell membranes. Inside the cell, the lipophilic blocking groups are cleaved 
by nonspecific esterases, resulting in a charged form that leaks out of cells far more 
slowly than its parent compound. 
The advantage of such methods is that they are non-invasive, very sensitive, 
have high time resolution, are relatively simple in use and allow analysis of 
individual cells (Tsien, 1989; Kirn et al., 1996). Applications include the analysis of 
stress resistance of cells to antimicrobial compounds and investigation of complex 
microbial communities, such as biofilrns; and enabling kinetic studies of transport 
processes. 
Unfortunately, the application of this method is severely limited by the number 
of dyes used (only dyes for cytosolic H+, K+, er, and Ca2+ have been intensively 
measured although a range of dyes suitable for other ions is also available). 
Furthermore, some dyes ( eg., carboxycyanine) may be toxic to the cells, especially 
when strong illumination is used (phototoxicity) (Shapiro, 1990; Kirn et al., 1996). 
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Moreover, in Gram negative bacteria the addition ofEDTA or EGTA (to assist the 
substrate to penetrate the outer membrane) is necessary to allow proper distribution 
of probes (Matsuyama, 1984). Obviously, such treatments may influence cell 
viability (Breeuwer and Abee, 2000). Finally, special optical configurations are 
required to take advantage of the spectral properties of the 'dyes and high resolution 
fluorescent microscopes remains expensive. 
1.4.5 Patch clamp technique 
The patch-clamp technique is the most advanced method of studying ion-
transport processes at the molecular level (Petersen, 1992; Garrill and Davies, 1994; 
' Hamill and Martinac, 2001 ). It can provide comprehensive information about the 
kinetics and properties of specific transport proteins at bacterial plasma membrane. 
The method is based on a tight attachment of a plasma membrane patch to a 
microelectrode glass pipette, thus establishing a so-called "giga· seal" (with up to 109 
Ohm resistance), enabling measurements of very low (pA range) currents through the 
prepared isolated plasma membrane patch. In one configuration, known as the 
"whole-cell patch", the membrane is then ruptured, and a protoplast is attached to the 
electrode tip like a balloon. As the electrode volume is much more than the volume 
of the clamped cell, the cytosol content is quickly replaced by the electrode-filling 
solution. As a result, ionic concentrations both inside and outside the plasma 
membrane are known, and can be easily controlled. Because of that, by applying a 
sequence of voltage clamps, and measuring the resultant current, it becomes possible 
to estimate quantitatively the contribution of each transporter for each specific ion to 
the resultant cell response. In another configuration, called the "excised patch", a 
piece of membrane remains stuck to the electrode tip, while the remaining protoplast 
is removed. Current traces measured in this configuration may provide valuable 
information about single-channel activity. Ultimately, channels may be characterised 
with respect to the ion they conduct (and their specificity for that ion), the 
conductance value of their open state, their gating properties, and their sensitivity to 
pharmacological agents (Garrill and Davies, 1994). 
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However, the patch-clamp method is not easily applicable to every bacterial 
organism. To start with, the cell wall must be removed to get access to the plasma 
membrane and form a "giga seal". Small cell size is another problem. Almost all 
successful patch-clamp studies from bacterial membranes were obtained from the use 
of spheroplasts or giant cells (Martinac et al., 1987; Saimi et al., 1992; Kubalski, 
1995; Levina et al., 1995; Cui and Adler, 1996;) which are themselves highly 
artificial systems. For large organisms (e.g., fungi), protoplasts derived from the 
tissue can be used. The procedure of protoplast, spheroplast, or giant cell preparation 
involves digestion of the cell wall by enzymes, a step that may damage the PM and 
thus alter the organism's response (Jennings, 1995). Patch clamp is a sophisticated 
method that requires high level technical and data interpretation skills. 
1.4.6 Ion selective microelectrode technique 
Finally, membrane-transport processes, associated with bacterial adaptive 
responses may be measured with microelectrodes whose tip is selectively permeable 
to an ion of interest (reviewed by Ammann, 1986; Kim et al., 1996). This approach 
provides an immediate estimate of the ion concentration with high precision ( eg., 
±0.01 pH units for pH measurements) as ion electrodes have an almost Nemstian 
voltage response. The electrochemical potential across the ion-selective membrane is 
measured by connecting the electrode inside the pipette (which is filled with a 
solution of known pH or ion concentration) to an external (bath) electrode via a high-
impedance voltmeter. When the electrode is used to measure extracellular ion 
concentration, the voltage output can be directly converted into a measure of 
concentration or pH values, provided that the electrode is calibrated in a proper range 
of standards (solutions with a known concentration). When an electrode is used to 
measure intracellular ion concentration, however, the electrochemical potential 
across the electrode tip is in series with the membrane potential of the cell, which has 
to be subtracted from the voltage output. Hence, membrane potential has to be 
measured independently, either with a separate microelectrode or by using a special 
double-barrelled electrode, with one barrel dedicated to ion concentration 
measurements and the other to voltage determination. Regardless of the electrode 
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type, the approach is restricted to preparations that can withstand invasive 
procedures. 
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The use of traditional (standard-size) commercially available ion-selective 
electrodes (Ammann 1986) is severely limited by several factors. The large size of 
the probe restricts the method to quite large objects (comparable with the size of an 
electrode tip). Due to this and in order to minimize damage to the object, there is a 
tendency to use instead a liquid-type ion-selective microelectrode (the so-called LIX 
microelectrodes ), with the tip diameter in µm range. Such electrodes may be 
prepared on a routine basis and impaled in an organism or a biofilm to study 
concentration of a specific ion (reviewed by White and Gadd, 1995; Kim et al., 
1996). The latter examples include reports for pH (Masson et al., 1994; Lens et al., 
1995), er (DeBeer et al., 1994; Xu et al.; 1996), 0 2 (Hom 1994; Xu et al., 1998; 
Rasmussen and Lewandowski, 1998), and N03- (DeBeer et al., 1997) profiles in 
various types of artificial and natural biofilms. An unreliable electrode can be 
replaced by another one within minutes if necessary (the cost ofmicroelectrodes is 
much less than the cost of the standard-size commercial electrodes). Obtaining a 
good microelectrode is the critical step. The LIX microelectrodes are faster than 
glass microelectrodes with response times usually in the range of seconds (Kim et al., 
1996). 
Microelecrodes were used to monitor ion changes in the external medium as a 
function of bacterial metabolic activity and to measure ion concentrations oflysed 
bacterial cells (Russell and Rosenberg, 1979; Busa and Nuccitelli, 1984). Although 
concentration measurements by means of ion-selective microelectrodes have become 
widely used in microbiology, interpretation of the results is difficult at times. The 
major pitfall is the origin of observed concentration changes. As many different 
processes may contribute to these changes, unambiguous interpretation of the 
underlying mechanisms is impossible. 
A major advantage is that the measurement itself is quite simple. Furthermore, 
ion selective electrodes may be used for continuous recordings of ion concentration 
changes thus enabling kinetic studies. Despite the advantages of using the invasive 
microelectrode technique to study membrane transport processes, its application is 
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restricted to plant physiology and study of fungi. Invasive microelectrodes can not be 
inserted into bacteria due to their small size, thus restricting the area of their 
application in microbiology. 
Taken together, these led to the requirement for some other techniques to be 
used in conjunction with ion-selective measurements and/or improvement of the 
existing microelectrode technique. 
1.4.7 Non-invasive ion flux measurements 
To make an unambiguous interpretation on the underlying mechanisms, it was 
suggested that fluxes of ions (not just their concentrations), may be measured with 
LIX-filled microelectrodes. This idea was put forward by Prof Bill Lucas at the 
NATO Advanced Studies Institute in Italy in 1984 (Lucas and Kochian, 1986). The 
microelectrodes were proposed to measure ion concentration gradients (strictly, 
electrochemical potential differences), between two positions outside the organism 
tissues, and use those gradients to calculate the net fluxes of ions in question 
crossing the membrane tissue. The first rigorous test of the theory was performed on 
corn roots to measure the stoichiometry ofH+ and K+ fluxes (Newman et al., 1987). 
The idea of non-invasive ion flux measurements was further developed by Dr Ian 
Newman (School of Mathematics and Physics, University of Tasmania) and resulted 
in the construction of the MIFER system, which is now commercially available. 
Another system, sharing the basic idea for non-invasive flux measurements, was 
developed at the National Vibrating Probe Facility at Woods Hole MA in the USA 
(Kuhtreiber and Jaffe, 1990; Smith, 1995; Smith et al., 1999). That system has been 
used by numerous visiting researchers to the centre (Miller, 1989; Felle and Hepler, 
1997; Lew, 1998, 1999), and some of the reported data are relevant to yeast and 
fungi (Lew, 1998, 1999). Only a few laboratories around the world possess similar 
facilities (Kochian et al. 1992; Cardenas et al., 1999). The leaders in non-invasive 
ion flux measurements (on plants) are the Hobart group that pioneered the 
application of the MIFE technique in stress physiology (Shabala et al. 1997; Shabala 
and Newman, 1997ab; Shabala, 2000; Shabala et al., 2000; Newman, 2001). No 
attempts, however, were made to apply this technique to bacterial cells. 
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The non-invasive ion selective microelectrode technique has a number of 
advantages. Being non-invasive, microelecrodes not interfere with cell integrity. 
Furthermore, the MIFE technique allows measurements of several ions 
simultaneously and essentially from the same site which enables stoichiometry 
between ions to be established. Together with high spatial (a few microns) and 
temporal (5 s) resolution, the MIFE has become a unique tool for kinetic studies of 
transport processes. 
1.4.8 Evaluation of the methods 
Although all the sophisticated techniques discussed above have already 
provided valuable information on ion distribution and movement, and thus on 
transporter properties and ionic mechanisms of transport, the causal link between 
membrane-transport processes and other metabolic or physiological processes in the 
cell is not always clear. For this link to be established, kinetics of the transport 
processes must be monitored, followed by thorough comparison of the revealed time 
constants for transport processes with those known for other cellular metabolic 
processes. As both bacterial and fungal life cycle and adaptive responses are fast, 
time resolution becomes a critical issue. From this point of view, the most suitable 
methods for kinetic studies are FRIM, MIFE and, to some extent, patch-clamp 
techniques. 
FRIM is a highly sensitive method. However, it lacks the ability to monitor the 
long-term kinetic process due to possible photobleaching. This happens if a large 
number of images are taken. In addition, the experimental pH range for the indicator 
used for pH1 measurements is restricted, and determined by the pK value of the 
titratable group, as fluorescence changes linearly with pH only over a ~0.5 pH range 
around the pK (Kim et al., 1996). This creates problems ifthe desired experimental 
pH range significantly exceeds that of the indicator pK (as in experiments with pH 
shifts). Finally, the high capital cost of the FRIM is another barrier for many 
laboratories. 
The patch clamp technique, being on the frontier of transport studies, enables 
stoichiometry establishment as well as providing a better understanding of the 
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mechanisms of transport processes in general. However, this technique is not easily 
applicable to the practical needs of Food Microbiology. Only a handful of bacterial 
cells were patched; most of these are in artificial (e.g. spheroplasts) conditions 
(Saimi et al., 1992; Cui and Adler, 1996). 
As mentioned before, the non-invasive ion selective microelectrode technique 
has been successfully used to study various aspects of membrane transport processes 
in higher plants, protoplasts derived from plant tissue, and fungi. However, apart 
from fungi and yeasts (that are relatively large microorganisms), food microbiology 
deals mainly with bacterial cells, the size of which is comparable with the 
microelectrode tip diameter. Because of that,' the general view was that the 
application of non-invasive microelectrode measurements to bacteria is unfeasible 
and, no successful attempts to measure ion fluxes from bacterial cells have been 
reported. In this project this view is challenged, and the issue tackled by measuring 
net ion fluxes from the surface of immobilised bacterial "monolayers". The 
feasibility of such an approach is demonstrated. The results of this work show that 
application of the MIFE technique could lead to a significant progress in our 
understanding of membrane transport processes in microorganisms, ultimately 
contributing to addressing a large number of important issues which food 
microbiology faces. 
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Chapter 2 
MATERIALS AND METHODS 
2.1.Bacterial and fungal cultures and growth conditions 
2.1.1 Thraustochytrid ACEM C 
Thraustochytrid strain ACEM C, an isolate from coastal marine sediments in 
south-eastern Tasmania (Australia), provided by Dr T. Lewis (School of Agricultural 
Science, University of Tasmania), was used throughout this study. The culture was 
maintained in a medium adapted by Lewis (2001) from Iida et al. (1996) and Singh 
and Ward (1996). It contained (per liter) bacteriological peptone - 5 g, glucose - 5 g, 
sodium glutamate - 5 g, yeast extract - 2 g, KH2P04 - 100 mg, NaHC03 - 100 mg, 
MnCh.4H20 - 8.6 mg, FeCl3.6H20 - 3.0 mg, ZnCh.7H20 - 1.3 mg, C0Ch.6H20 -
0.3 mg, CuS04.5H20 - 0.2 mg, sea salts - 30 g, vitamin solution - 1.0 ml. The 
composition of vitamin solution per lL was: pyridoxine hydrochloride - 20.0 mg, 
thiamin hydrochloride - 10.0 mg, calcium pantothenate - 10.0 mg, p-aminobenzoic 
acid- 10.0 mg, riboflavin - 10.0 mg, nicotinamide - 10.0 mg, biotin - 4.0 mg, folic 
acid - 4.0 mg, vitamin B12 - 0.2 mg. Media were prepared without addition of 
vitamins and sterilised by autoclaving at 10 psi for 15 min. Vitamins were added to 
the medium at a temperature below 50 °c. The same nutrient composition with 
addition of 1 % agar was used to maintain a slope stock culture of thraustochytrid 
ACEM C that was kept at 4 °c. 
Inoculum preparation 
An inoculum was prepared by inoculating a 250 ml Erlenmeyer flask 
containing 50 ml of the above medium with thraustochytrid ACEM C from a slope 
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stock followed by incubation at 20 °C on a rotary-shaking table (GIO Gyrotary 
Shaker, New Brunswick, USA) at 200 rpm for 7 days. 
Culture preparation 
The inoculum was used for preparation of working cultures. The growth 
medium used was the same as for inoculum preparation. An Erlenmeyer flask of 250 
ml containing 50 ml of the growth medium was inoculated with lmL of7-d old 
inoculum and grown at similar conditions for 4 days (when not indicated otherwise). 
Apart from the growth study, cells of the same stage of growth were used in an 
individual study to avoid variations. 
2.1.2 Food-borne bacteria 
Bacterial strains used in this study, their characteristics and growth conditions 
are shown in Table 2-1. 
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Experiments with bacteria were performed at different stages of growth. For 
experiments at the exponential phase of growth, bacteria were grown using side-aTITI 
flasks immersed in a shaking water bath (Ratek Instruments Pty Ltd, Australia) to 
ensure constant growth temperature throughout the experiment. The growth stage 
was determined by measuring optical density (OD) value at 540 nm with a 
spectrophotometer (Spectronic 20D, Milton Roy Co., USA). The observed OD value 
was compared with that from previously determined standard growth curve. An 
aliquot of the culture was removed aseptically from the flask at the desired OD value 
(see Fig. 2-1) and the flask was returned to the water bath for further incubation. 
Bacteria used for the experiments were at the OD values indicated in Figure 2-1. 
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Table 2-1. List of bacterial strains and growth conditions 
Bacterial strain Character. Growth conditions Origin 
E.coli SBl FAB MM broth+ 0.1 % glucose; Clinical isolate provided by 
37°C; shaking @ 60 rpm Ms. S. Bettiol, School of 
Pathology, Univ. of Tasmania 
E. coliM23 FAB NB; 37°C; @60 rpm School of Ag. Sci. (SAS), Univ. of 
Tasmania 
L. monocytogenes 4140 FAB BHI broth; 37°C; Bacon isolate provided by the 
without agitation banish Meat Research Institute, 
Roskilde, DenmarkSAS 
L. monocytogenes FAB BHl broth; 25 °C; SAS 
Scott A @60rpm 
Salmonella typhimurium FAB NB; 37°C; @ 60 rpm SAS 
Enterobacter FAB NB; 37°C; @ 60 rpm SAS 
Klebsiela oxytoca FAB NB; 37°C; @ 60 rpm SAS 
Staphylococcus aureus FAB NB; 25 °C; @ 60 rpm SAS 
Bacillus cereus FAB NB; 25 °C; @ 60 rpm SAS 
Lactobacillus delbrueckii, FB MRS broth; 42 °C; Provided by Dr H. Siegumfeldt, Dept 
subsp. bulgaricus without agitation Dairy & Food Sci., KVL, Copenhage 
Denmark 
F AB - facultative anaerobe; FB- fermentative bacteria 
Broth details: MM- Minimal Medium Broth, Difeo, Davis, 0756-1-7 
BHI - Brain Heart Infusion Broth, Difeo, Detroit, Michigan 
NB - Nutrient Broth, Oxoid, Hampshire, England 
MRS -Oxoid, Hampshire, England 
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Fig. 2-1. Growth phases of bacteria used in experiments. Growth was monitored 
using a spectrophotometer at A.=540 nm. The data are the average of two 
individual experiments performed in duplicate. Data for L. monocytogenes; 
growth conditions as per Table 2-1. 
Basic protocol for inoculum preparation. The inoculum was usually prepared 
by inoculating a 125 mL conical flask containing 25 mL of the appropriate medium 
(see Table 2-1) from a slope stock followed by incubation for 15-16 h under 
conditions indicated in Table 2-1. 
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Basic protocol (or culture preparation. A 125 mL sidearm flask containing 25 
mL of the appropriate inoculum (see above), to give a starting OD540=0.05 A 
followed by outgrowth as descussed in Table 2-1. Cultures were harvested in the 
exponential (OD540=0.3 A), or stationary (culture grown for 16 h, ODs4o=l .4 A) 
phases of growth ,washed and resuspended in the desired experimental solution 
(Appendix A), and used immediately or kept on ice for up to 0.5 h, if not indicated 
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otherwise. All the bacterial cultures were prepared in a similar way, unless stated 
otherwise. 
Preparation of L. monocytogenes 4140 culture 
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Inoculum preparation. Inocula of L. monocytogenes were prepared in a 
standardised manner to reduce variations in culture physiological state. A 100 ml 
bottle containing 50 ml ofBHI with pH adjusted to 6.0 using 5 M HCl was 
inoculated with 1 full loop of L. monocytogenes 4140 and vortexed. The culture was 
incubated for 18 hours at 3 7 °C without agitation. A 10 ml aliquot of stationary phase 
culture was harvested by centrifugation at 5000xg for 10 min, the pellet resuspended 
with 2.75 mL of the same broth and 1.75 ml of 50% glycerol (Merck, Darmstadt, 
Germany). Aliquots of 0.25 ml suspension were placed into Eppendorfftubes 
aseptically and kept at the temperature of -40°C until use (up to 3 months). 
Culture preparation. A tube with 15 ml ofBHI adjusted to pH 6 was 
inoculated with 0.25 mL stock of L. monocytogenes 4140 inoculum and grown at 37 
°C for 18 h without agitation. 
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2.2. Culture preparation and immobilisation 
2.2.1 Importance of immobilisation 
The theory of ion flux measurements using MIFE assumes unstirred layer 
conditions. Also, in most cases, accurate electrode positioning is crucial for flux 
measurements. Therefore, it was of particular importance to design an efficient 
protocol for cell immobilisation. Not only might position changes affect the accuracy 
of ion flux calculations, but moving cells might also block the fine electrode tip. 
Last, but not least, without proper cell immobilisation, any change of experimental 
solution in a chamber would result in cell movement making kinetic studies 
impossible. 
Different approaches have been utilised by others to ensure the object is 
positioned steadily in the measuring chamber. Larger objects, such as plant roots or 
coleoptiles, are usually attached to plastic partitions using a fine cotton thread 
(Shabala et al. 1997; Shabala and Newman 1998; Babourina et al. 1998). For 
macerated or cultured cells, semi-solidified agar is usually used (Babourina et al. 
2000). However, all these approaches can only be applied to an object that is large 
enough, and are not likely to be suitable for bacterial cells. 
In most patch-clamp protocols, protoplasts are attached to a properly cleaned 
glass surface by electrostatic forces (Tyerman et al., 2001). Combined with 
mechanical support provided by the sealing electrode, it is adequate to immobilise 
the protoplast in the chamber. This is not the case for MIFE measurements, where 
ion-selective microelectrodes are not in contact with the measured cell. 
Bacterial cell immobilisation for fluorescence microscopy is usually based on 
placing a filter with bacterial cells on the glass bottom of the measuring chamber up-
side-down thus exposing cells to observations through the bottom of the glass 
chamber using an inverted microscope (Siegumfieldt et al., 1999; Budde and 
Jakobsen, 2000). However, in this protocol, immobilised cells are not accessible for 
microelectrodes. Moreover, the filter might cause some unknown delay in bacterial 
response to the change of experimental solution and consequently affect the 
measurements (Budde and Jakobsen, 2000). 
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Finally, poly-L-lysine was reported to be used for cell adhesion to solid 
surfaces (Mazia et al., 1975). Polycationic poly-L-lysine molecules are known to 
absorb strongly to various solid surfaces, leaving cationic sites. The interaction 
between polyanionic cell surfaces and a charged cationic surface results in cell 
adhesion. 
The immobilisation procedure for the MIFE measurements has some specific 
requirements that include: 
(i) accessibility of the object to microelectrodes without being damaged 
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(ii) stable positioning of cells to allow experimental solution to be changed quickly 
enough without the cells re-positioning, and 
(iii) neutral nature of the chemical used for attachment to eliminate possible 
chemical interference with cells or the flux measurements. 
Poly-L-lysine was used for cell immobilisation in the present work, as follows: 
a glass cover-slip was cleaned with ethanol, thoroughly rinsed with running 
distilled water, and then dried; 
poly-L-lysine (0.1 % w/v aqueous solution, P 8920, Sigma diagnostics, St. 
Louis, USA) was used to attach cells to the glass surface. One drop(:::: 30 µL) 
of the poly-L-lysine solution was applied to the glass surface and left for 
approximately 3 min; 
the cover-slip was then well rinsed again with running distilled water and an 
appropriate experimental solution (Appendix A) to ensure a complete 
elimination of the chemical after charging the surface. 
Effect of poly-L-lysine on cell activity/viability was assessed indirectly through 
monitoring the ability of bacterial cells to acidify the medium (H+ flux mea~urements 
using MIFE technique) as well as pH, measurements (using FRIM). Long-term 
experiments using the developed protocol for cell immobilisation showed no change in 
bacterial or fungal ability to extrude protons (Figs.5-10-5-14; 4-6, 4-14, 4-26), as well 
as to maintain constant pH1 (Fig.5-21) thus validating the use ofpol;y-L-lysine. 
Additional tests were performed to ensure absence of any influence of poly-L-
lysine used on the flux measurements (Chapter 3.1). 
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2.2.2 Immobilisation of thraustochytid cells. 
Culture preparation for immobilisation. Cells were harvested by 
centrifugation of 1 ml of culture at 3000xg for 10 min. The pellet was washed twice 
with 2 ml of experimental solution with desired concentration of glucose (Appendix 
A) by centrifugation at parameters similar to those indicated above. Cells were 
subsequently suspended in 1 ml of the same experimental solution, and kept at 
ambient temperature for at least 2 h before measurements to allow adaptation to the 
new conditions. Ambient temperature was ~23 °C in all experiments, unless 
indicated otherwise. 
Immobilisation procedure. In contrast to bacterial cells, thraustochytium cells 
are large enough to be measured individually (typically 20 to 40 µm in diameter 
compared to 2-3 µm for the microelectrode tip). The immobilization procedure was 
to separate cells to avoid the influence of neighboring cells on flux measurements 
(Fig. 2-2). 
Fig. 2-2. Immobilised thraustochytium cells in the measuring chamber. A scale bar 
indicates 10 µm. 
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The prepared cover-slip coated with poly-L-lysine was placed in the measuring 
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chamber. The chamber was fixed on the hydraulic manipulator stage in the Faraday 
cage and filled with an appropriate experimental solution (Appendix A) having the 
desired concentration of glucose. The ACEM C culture was diluted with an 
appropriate experimental solution (see Appendix A) with a ratio 1 :5 and an aliquot of 
50 µL was spread along the measuring chamber to ensure a loose cell distribution. 
Cells were allowed to settle down on the coverslip. The process was monitored using 
the microscope (IX50, Olympus Optical Co., Ltd, Tokyo, Japan) with long working 
distance 40x objectives (W.D. 2.6 mm), providing total magnification of 500x. After 
most of the cells were settled, about 30 mL (>6 chamber volumes) of the 
experimental solution were perfused through the chamber to remove unattached 
cells. Measurements started 30 min after all solution changes were over. 
2.2.3 Immobilisation of bacterial cells. 
Two different types of measuring chambers were used in this study and 
consistent results were achieved. The procedure for cell immobilization described 
below was similar for both chamber types. 
Bacterial culture preparation. A sample of 1 mL from the batch culture was 
harvested by centrifugation at 4,200xg for 10 min (Biofuge A, Heraeus Sepatech 
GmbH, Germany), unless stated otherwise. The pellet was washed with equal 
volumes of cold experimental solution (experimental solution NI or N2, Appendix 
A), centrifuged again at parameters similar to the above and suspended in 20 µL of 
the same experimental solution. 
Bacterial culture immobilisation. The culture was immediately applied to the 
prepared cover-slip, left for approximately 3 min, and unattached cells eliminated by 
washing the cover-slip with ~ 10 ml of experimental solution. The cover-slip with 
immobilised bacteria was placed at the bottom of a perfusion chamber (Fig. 2-3). 
The measuring chamber was filled with the desired experimental solution. 
Another cover-glass was placed at the top of the chamber resting on two supports at 
opposite sides of the chamber perimeter thus creating water-tension. The free space 
between the glass-covers on two other sides of the chamber perimeter was used for 
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electrode insertion (Fig. 2-3). The photograph of the experimental chamber is shown 
in Figure 2-4. 
Microscope lens 
B 
Fig. 2-3. A schematic view of an open type perfusion chamber used in this study. 
Solution is held by surface tension created between a glass cover slide ( 4) and the 
glass base of the chamber (2) allowing safe insertion ofmicroelectrodes (5) and a 
reference electrode (6) through the lateral meniscus. Solution enters the chamber 
through a needle (7) and is pumped out via a tube (8) by a peristaltic pump. A 
glass slide with adherent bacteria (3) is put on the glass base (2). The perfusion 
chamber base (1) is fixed to a microscope stage by screws (9). 
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Fig. 2-4. A photograph of an experimental chamber shown in Fig. 2-3. 
For FRIM experiments bacterial cells were immobilised in a similar way to that 
presented above with some modifications: 
(i) bacterial cells were stained with cFSE (see Chapter 2.4.2) prior to the 
immobilisation procedure, followed by washing with experimental solution; 
(ii) culture was diluted in ratio 1 :5 with the same medium; 
(iii) an aliquot of 0.1 mL was applied to the prepared cover-slip, left for about 3 
min and excess bacteria washed out as described above. 
All the preparations were performed under reduced illumination in the room 
due to the instability of fluorescent preparations. 
A similar approach was used for immobilisation of bacterial cells on the 
bottom of another type of measuring chamber used (Fig. 2-5). 
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Fig. 2-5. Individually assembled chamber (V=l mL). Two measuring 
microelectrodes are situated on the right-hand side, a reference electrode and a 
tube for perfusion of solution through the chamber are situated on the left-hand 
side. The chamber is situated in a holder and its position is fixed by four screws. 
The holder is attached to the microscope table by two clips. 
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Bacterial cells were immobilised on a large glass cover-slip (22x32 mm, 
Vitromed, Basel, Germany). A shaped teflon form with the external perimeter similar 
to that of the cover-slip was used for an individually assembled chamber formation. 
Immobilisation and washing procedures were as described above followed by sealing 
the teflon form to the prepared cover-slip using silicone grease. The perfusion 
chamber was thus formed (of approximately 1 mL volume) and then filled with the 
experimental solution of desired composition. This type of chamber did not rely on 
water-tension and, consequently, a top glass-cover was not used to ensure proper 
solution volume. The former chamber type enables smaller experimental solution 
volumes to be used in the measuring chamber, while the latter chamber type was 
more convenient for handling. 
Chapter 2 Materials and Methods 47 
2.2.4 Advantages of the immobilisation procedure developed 
The approach developed for cell immobilisation has a number of advantages: 
(i) It achieves an even distribution of bacteria and creates a uniform mono layer 
of "standard" density (Fig. 2-6). This enabled comparative measurements from 
different 'sites' (see Fig. 3-3, Chapter 3.2). 
Fig. 2-6. Immobilised L. monocytogenes cells. A scale bar indicates 5 µm. The 
rectangle shown (1Oxl0 µm) contains ~ 75 cells. 
(ii) Once attached, cells adhered to the cover-slip was strongly enough to 
perform changes of solution without washing out the cells. Fig. 2-7 represents cells 
before and after the change of solution in a measuring chamber with a rate of flow up 
to 6 mL min- 1 thus demonstrating that even the spatial distribution of cells remained 
unchanged. On average, Jess than 5% of cells were washed out after perfusion of 10 
volumes (10 mL) of experimental solution through the chamber. The latter was 
determined by FRIM examination of microscope slides (n = 4-5). 
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Fig. 2-7. Immobilised L. monocytogenes cells before (A) and after (B) change of 
solution in kinetic experiments (flow rate of solution up to 6 mL min-1). The 
Fluorescence Ratio Image Microscopy was employed to assess position of 
immobilised cells at the bottom of a chamber before and after solution change. 
Low cell density was required for FRIM measurements to enable analysis of 
individual cells. The circled cells represent cells that were washed out after the 
change of experimental solution. 
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The immobilisation procedure developed in the present work has increased the 
diversity of MIFE applications by introducing a possible change of the experimental 
solution and thus allowing kinetic studies of essentially the same cells. This also 
opened opportunities for kinetic studies using FRIM by eliminating delays in 
bacterial response caused by using a filter for cell immobilisation (see Chapter 2.2.1). 
Furthermore, this enabled measurements using both FRIM and MIFE of essentially 
the same cells. 
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2.3. Microelectrode Ion Flux Measurement (the MIFE) technique 
2.3.1 Principles of the MIFE system 
If an ion is taken up by living cells, its concentration in the proximity of the 
cell surface will be lower than that further away. Vice versa, if the ion is extruded 
across the plasma membrane (PM), there will be a pronounced electrochemical 
potential gradient directed away from the cell surface. 
Ions in solution move down a concentration gradient (from high to low 
concentration) and also down an electrical potential (from high to low potential). 
Consequently, ifthe combined electrochemical potential gradient is measured, the 
net ion movement can be calculated from that gradient using the known mobility and 
concentration of the ion in solution (Newman, 2001). Ions crossing the cell surface in 
solution are carried to or from that surface by diffusion. In static or slowly changing 
conditions, when the convection or water uptake are negligibly small, measurements 
of the net diffusive flux of the ion in solution close to the sample indicates the net 
flux of the ion across the sample surface. 
Thus, the principle of the MIFE technique is the slow square-wave movement 
of ion-selective microelectrode probes between two positions, close to (position 1 ), 
and distant from (position 2) the sample surface (Fig. 2-8). 
Position 2 
Fig. 2-8. Schematic diagram illustrating principles ofMIFE ion flux measurements 
(ion-selective "vibrating probe"). 
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The recorded voltages at positions 1 and 2 (Fig. 2-8) are converted into 
concentrations using the calibrated Nernst slopes of the electrodes. Net fluxes of 
specific ions can then be calculated from measured voltage gradient at the surface. 
Depending on the diffusion geometry, different equations are used. For the simplest 
case of a planar surface (e.g. immobilised bacterial cells), net flux, I (nmol m·2s-1) of 
a specific ion can be calculated as follows (Newman, 2001): 
J = c u F (58/Nernst slope)( !lV/!ix), (1) 
where ~ is average concentration (mol m·3) of the ion of interest between 
positions 1 and 2; g is ion mobility (speed per unit force, m s·1 per newton mor1); .E 
is Faraday number (96500 C mor1); !lV/!ix is the voltage gradient me~sured by the 
ion-selective probe between positions 1 and 2; and Nernst slope is the slope of the 
calibration graph for the probe. 
For a large unicellular organism, a spherical or cylindrical diffusion geometry 
can be used instead. The equation used with spherical cells (as for Thrasutocytrium ), 
where r is the radius of the sphere, is obtained by replacing !lx in Eqn 1 with 
!lx = r2 (Il(r+x) - l/(r+x+!lx)) (2) 
MIFEFLUX software (a component of the MIFE setup) automatically 
performs the required calculations based on the geometry of the measured cell (cell 
diameter and probe distance above cell surface) and provides the tabulated results of 
measurements as net ion fluxes (nmol m·2s-1) for import into a spreadsheet. 
2.3.2 The MIFE apparatus 
A new MIFE experimental setup was designed at the School of Agricultural 
Science, University of Tasmania to enable measurement of net ion fluxes from 
bacteria immobilised on a cover-slip. The MIFE system consists of several parts 
(Fig. 2-9). 
50 
2 
3 
1 
Chapter 2 Materials and Methods 
6 
7 
5 4 
Fig. 2-9. The MIFE setup: microscope (1); an electrode holder (2); a measuring 
chamber (3); a stepper motor and controller (4); a pre-amplifier (5); a main 
amplifier and controller (6) connected to a personal computer (7). 
The apparatus was built around an inverted microscope system (IX50, 
Olympus Optical Co., Ltd, Tokyo, Japan) with long working distance objectives, 
providing total magnification of up to 500x. Microelectrodes were held in E45P-
F 15PH electrode holders (CDR Clinical Technology, Middle Cove, Australia) 
mounted on a 3-dimensional micromanipulator. Two types of perfusion chamber 
were used in this study (Fig. 2-4, Fig. 2-5). Both of them introduced an open-type 
perfusion chamber enabling easy access to both sides of the measured object. The 
chamber was inserted on the microscope stand (Fig. 2-9). 
The rate of solution flow through the perfusion chamber was not more than 
6 mL min-1• All measurements were made under steady state conditions after solution 
flow stopped. This was done to satisfy the requirements of the theoretical basis of the 
MIFE method (ie no convection or water uptake) and meant that measurements 
started a few minutes after solution changes were completed (see Chapter 3.3 for 
details). The standard non-polarising Ag/AgCl reference electrode was positioned in 
the chamber 10 to 30 mm away from the measured cells. 
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Fig. 2-10. Computer screen display of the MIFE recordings. A (reverse colour) 
screen is pictured showing four concurrent voltage records for Ca2+, W, K+, and 
temperature. Fluxes of ions were calculated from the voltage (L'.1 V) using recorded 
concentration values.Wand K+ concentrations are decreasing slowly. K+ and W 
fluxes are steady, while Ca2+ flux decreases to zero. Temperature (reversed scale) 
increases slowly. 
The voltage output from the electrodes is amplified and digitised using an 
analogue-to-digital interface card (DAS 08, Computer Boards Inc.) on an IBM-
compatible PC. The card also controlled the stepper motor of the manipulator and 
was used for offset adjustment of the 4 channel electrometer. A custom designed 
software, the CHART program (University of Tasmania), was used to control the 
interface, collection and storage of the digitised output. The electrodes were 
oscillated at either 0.1 or 0.05 Hz moving between the two positions (usually 10 and 
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30 µm) above the surface of the object under study in the experiments. An example 
of a trace produced by the output of the electrodes during the measurements is 
demonstrated in Figure 2-10. 
2.3.3 Microelectrode fabrication 
Good ion-selective microelectrode fabrication is a crucial step in MIFE 
measurements. Several different approaches for microelectrode preparation are 
available in the literature (Smith et al., 1999; Shabala and Newman, 1997 a, b; 
Newman, 2001). A shorter procedure was used in this study that also enabled storage 
of the prepared electrode blanks at room conditions for up to six weeks without loss 
ofmicroelectrode performance in contrast to other methods (eg. Smith et al., 1999). 
Microelectrode fabrication included several distinct steps: 
- pulling out electrode blanks; 
- baking and salinising the blanks; 
- filling the electrodes with an appropriate liquid ion exchanger (LIXs ). 
(i) Pulling out electrode blanks. The electrode blanks were made using 1.5 
mm (OD) non-filamentous borosilicate glass capillaries (GC150-10, Harvard 
Apparatus Ltd, Kent, UK). The blanks were pulled to <1 µm diameter tips using a 
vertical pipette puller (PP 830, Narishige, Japan). 
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(ii) Baking and salinising the blanks. Electrode blanks were placed upright, 
base down, in a stainless steel rack and oven dried at 220 °C overnight. Ten to fifteen 
minutes before silanisation, electrodes were covered by a steel lid that created a 
closed container with the blanks, and 2 drops (approximately 15 µL) of 
tributylchlorosilane (90796, Fluka Chemicals) were injected under the lid. The lid 
was removed after 10 min and electrode blanks baked at 220 °C for a further 30 min. 
By this procedure, the surface of the electrode was made hydrophobic. Freshly pulled 
electrodes are hydrophilic due to the surface hydroxyl groups (Ammann, 1986). LIXs 
are organic cocktails and hydrophobic. Hydrophobic coating of an electrode blank 
enables entry of the LIX into the tip of the prepared microelectrode (Fig. 2-11). 
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Fig. 2-11. Scheme of ion-sensitive microelectrode fabrication. 
(iii) Filling the electrodes with an appropriate ion-selective resin 
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(LlXs). Dried and cooled electrode blanks were then filled with LIX as depicted in 
Figure 2-11 and described below. ALIX-containing tube is first constructed using a 
broken back glass mirocapillary (tip diameter approximately 100 µm), which was 
dipped into the stock LIX taking up a column of cocktail of approximately 1 mm. 
The microelectrode blank was mounted horizontally on a three-dimensional 
micromanipulator and the electrode tips were flattened to achieve tip diameter of 2-3 
µm. To do that, the electrode blank was gently placed against a flat glass surface 
under a stereo microscope. Blanks with proper tip size were back filled with 
appropriate back-filling solutions using a syringe with a custom made nylon needle. 
The latter was pulled out from 0.1 mL nylon pipette tip after flaming it. The use of 
the flexible nylon needle for the microelectrode back-filling, significantly simplified 
the procedure. Immediately after back-filling, the electrode tip was front-filled with 
the corresponding LIX. To do that, the back-filled electrode blank was positioned co-
axially with the broken mirocapillary containing the appropriate LIX in its tip. The 
blank was briefly put in contact with LIX, and resin flowed into the electrode tip. 
The column length of the LIX in the prepared electrode was 100 to 200 µm. 
Immediately after filling, electrodes were immersed in solution and kept there until 
use (up to 8-10 hours). 
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Most of the prepared microelectrodes can be used immediately after 
preparation, while others ( eg., H+ and Cr) need some conditioning time (~ lh) to 
ensure a stable response. 
2.3.4 Calibration of the microelectrodes 
Electrodes were fitted to the electrode holder and then calibrated in a set of 
three standards with a series of concentrations covering the expected range of the ion 
in question before and after use. Specific details about the type of commercially 
available LIX, composition of back-filling solutions and range of calibration 
standards used, are given in Table 2-2. 
Table 2~2. Fabrication details of ion-selective microelectrodes used in ex.perimenls. 
Ion LIX(Fluka Back-filling solution Calibration 
catalogue (mM) set 
No) 
Hydrogen 95297 15 NaCl+ 40 3.5 - 4.8 - 6.4 
KH2P04 (pH) 
Potassium 60031 200 KCl 0.1 - 0.5 - 1.0 
(mM) 
Calcium 21048 500 CaClz 0.1 - 0.2- 0.5 
(mM) 
Ammonium 09882 500N~Cl 0.1 - 0.5 - 1.0 
(mM) 
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Electrodes with responses less than 50 m V per decade for monovalent ions and 
25 mV per decade for calcium, and with correlation coefficients less than 0.999 were 
discarded. Both the slope and intercept of the calibration line are used to calculate the 
concentration c in Equation 1 from the value of V measured during the experiment. 
The resistance of the electrodes was typically 1-5 GQ. The values of electrode 
resistance and the length of the LIX in the tip of the electrode are critical for the 
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quality of the prepared electrode. High values result in an increase in 'noise' of 
electrode response. 
An Ag/ AgCl reference electrode was fabricated in a similar way from a pulled 
and broken glass micro-capillary and filled with 1 M KCl in 2 % agar. A chlorided 
silver wire (galvanised in 0.25 N HCl for 15 min) was inserted in a length of a glass 
micro-capillary and sealed with parafilm. A small tip diameter (approximately 50 
µm) ensured little K+ leakage from the reference electrode. 
2.3.5 Flux measurements 
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The electrode tips were positioned in one plane, separated laterally by 1-2 µm, 
under the microscope. A measuring chamber with immobilised bacteria or 
thraustochytrid cells was positioned on the microscope stage and the electrodes were 
set the required distance away (about 20 µm for experiments on bacterial 
"monolayers", and 10 µm for measurements on thraustochytrid cells) above 
measured cells. The electrode holders were positioned at an angle of 30° to the 
surface of the cover-slip and moved axially by a computer-driven hydraulic 
manipulator, providing electrode movement of 30 µm (for bacteria) and 20 µm (for 
thraustochytrid cells) from the primary position at a frequency of either 0.05 Hz (a 20 
sec cycle) or 0.1 Hz (a 10 sec cycle). The recorded voltages were converted into 
concentration differences using the calibrated Nemst slopes of the electrodes. Two to 
four seconds (depending of the frequency of data acquisition) were allowed after 
each movement for the response to stabilize before data were used to calculate fluxes 
(see Chapter 2.3 .6 for details and Fig. 2-12). Flux of an ion was then calculated by 
the MIFE software, assuming planar diffusion geometry for bacteria and spherical 
geometry for thraustochytrid cells. 
Two major types of measurements were performed. 
In "static" experiments, net ion fluxes were measured for a short time (ea. 3 
min) at each bacterial site, or from each individual thraustochytrid cell. Electrodes 
were then re-positioned to another site (typically 100-200 µm aside), or to another 
cell, and measurements were resumed. On average, for each run, 5 to 7 sites of the 
immobilised bacteria or individual thraustochytrid cells were measured in the same 
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chamber. 
In "kinetic" experiments, a chosen bacterial site or an individual 
thraustochytrid cell were monitored for a prolonged interval (up to several hours). 
Fluxes were measured in steady state conditions first; then the treatment was applied, 
and transient flux kinetics was monitored. In most experiments, the basic 
experimental solution was replaced by a new one, with altered ionic or chemical 
composition. Typically 5 to 10 chamber volumes were pumped through a chamber to 
ensure full replacement of the experimental solution in the chamber by the new one. 
2.3.6 Flux calculation 
Measured voltage records were stored on a Pentium PC. Net ion fluxes were 
then calculated essentially as described elsewhere (Shabala et al., 1997; Newman, 
2001 ). Figure 2-12 details the output from an individual electrode. 
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Fig. 2-12. Fragment of the "raw" voltage data recorded from a H+ selective 
microelectrode. Frequency of the data sampling was 0.1 Hz, and electrode was 
moved between position 1and2 every 5 sec. (Modified from Shabala et al., 
1997). 
The electrode was rapidly (every 5 s) moved from position-I (10 µm above the 
measured surface) at t=35 s to position 2 (30 µm above the measured surface) (Fig. 
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2-12). Concurrently, the electrochemical potential decreased. At t = 40 s the 
electrode moved back to position 1 and electrochemical potential increased again. 
These cycles were repeated with a period of 10 s. Flux calculations are based on 
voltage differences between the two positions (10 and 30 µm here) measured by the 
microelectrode. Part of a voltage trace associated with changing position and 
stabilisation (2.5 sec in Fig. 2-12) is discarded, thus only valid data intervals (VDI) 
are used for analyses. 
2.3. 7 Membrane potential measurements 
The electrode blanks were made from 1.5 mm (external diameter) filamentous 
borosilicate glass capillaries (GC150-10, Harvard Apparatus Ltd, Kent, UK). The 
blanks were pulled to <1 µm diameter tips using a vertical pipette puller (PP-830, 
Narishige, Japan) followed by backfilling with 0.5 M KCI. The prepared 
microelectrodes were connected to the MIFE electrometer for the voltage 
measurement. Membrane potentials of thraustochytrid cells were measured in steady 
state conditions. A microelectrode was impaled into the cell, and voltage 
characteristics were recorded. 
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2.4. Fluorescence Ratio-Imaging Microscopy (FRIM) 
2.4.1 Principles 
Intracellular labeling with fluorescein is based on the assumption that only 
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cells which have an intact membrane and esterase activity are able to accumulate the 
fluorescent probe (Breeuwer and Abee, 2000). The fluorescent probe can be easily 
taken up by bacteria during incubation with the diacetate ester, cFSE. Once cFSE is 
incorporated, its succinimidyl group forms conjugates with aliphatic amines. 
Fluorescence can be detected after intracellular esterase activity. It was shown that its 
fluorescence is pH dependent (Breeuwer et al., 1996). Leakage of probe to the 
external environment may be minimised by the application of fluorescein derivatives 
such as carboxyfluorescein ( cF), calcein and BCECF, which are more negatively 
charged at physiological pH, and are thus less likely to leak from the cells. 
2.4.2 Procedure of cell staining with fluorescent probe 
Fluorescent probe preparation. A 10 mM stock solution of 5(6)-
carboxyfluorescein diacetate siccinimidyl ester (cFSE) (Molecular Probes Inc., 
Eugene, Or) was prepared by dissolving in DMSO. The 10 µM aliquots of the cFSE 
prepared from the stock solution were stored at -20 °C. 
Cell staining with the fluorescent probe. A lml volume of stationary phase 
culture was harvested by centrifugation at 10,000 x g for 5 min followed by pellet 
resuspention in lml sterile cold 50 mM phosphate-buffered saline containing per 
litre: 1.5 g ofNa2HP04 (Merck), 0.22 g of NaH2P04 (Merck), and 8.5 g of NaCl 
(Merck) (pH 7.4). The fluorescent probe (pH indicator) at a concentration of 30 µM 
was added to the cell suspension, vortexed, and the preparation incubated at 3 7 °C 
for 30 min. The cell suspension was centrifuged at 10,000 x g for 5 min, re-
suspended in experimental solution N2 (see Appendix A) containing different 
concentrations of glucose (0, 1 mM, 10 mM) adjusted to pH 6.0, vortexed, and 
further incubated at 30 °C for 30 min. Subsequently, the cell suspension was 
centrifuged at 10,000 x g for 5 min, then re-suspended in equivalent volume of the 
same experimental solution. Cells not analyzed immediately were stored on ice in the 
dark for a maximum of 30 min. 
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2.4.3 Measurements of pHi of individual cells 
An individually assembled chamber (see Figure 2-5) was mounted on an 
appropriate platform (type PHI; Warner Instrument Corporation, Denmark) and 
placed on the stage of the microscope (Zeiss model Axiovert 135 TV; Brock & 
Michelsen A/S, Birherod, Denmark). Solutions entered the chamber by gravity via a 
silicone tube and were removed via another tube using a peristaltic pump. Solutions 
were perfused through the chamber at a rate of up to 6 mL/min. 
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The pHi of individual cells was measured by ratio imaging using a fluorescence 
microscope as described by Budde and Jakobsen (2000). Stained cells were excited 
at 490 and 435 nm with exposure time of 1 s. The excitation source was an optical 
fiber-connected monochromator with a 75 W short-arc xenon lamp (Monochromator 
B; TILL Photonics GmbH, Planegg, Germany). The inverted epifluorescence 
microscope (Zeiss Axiovert 135 TV) was equipped with a Zeis Fluar 100 x objective 
(numerical aperture 1.3), a band-pass emission filter (515-565 nm) (Zeiss type BP 
515-565; Brock & Michelsen A/S, Birkernd, Denmark), a beam splitter (Zeiss model 
BSP 510; Brock & Michelsen A/S, Birkernd, Denmark), and a dichroic mirror (510 
nm). Fluorescence emission was recorded at wavelengths between 515 and 565 nm 
by using a cooled charge-coupled device camera (CCD) (EEV 512 X 1024, 12-bit 
frame-transfer camera; Princeton Instruments Inc., Trenton, N.J.). To minimize 
photobleaching of the stained cells, a 2.5% neutral-density filter was used. Ratio 
imaging of emission signals collected from excitation at 490 and 435 nm was 
performed using the software package MetaFluor, version 3.5 (Universal Imaging 
Corporation, West Chester, Pa, USA). Ratio imaging was initiated at time zero 
before perfusion of a solution through the chamber. Images of the same region were 
recorded at intervals indicated in individual experiments, and each experiment was 
terminated within 60 min. 
2.4.4 Image acquisition and pHi calculation 
Digital images were stored on a Pentium PC. Data analysis was carried out on 
the saved data. To analyse single cells, regions were drawn along the perimeter of the 
cell using MetaFluor 3.5 (Universal Imaging Corporation, West Chester, Pa, USA). 
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Cells were randomly selected on the 435 nm image which is pH independent (to 
avoid selection based on high intensity of the 490 nm image, which is pH 
dependent). A region without cells was subtracted as background. The ratios Ri9o/435 
were corrected for background signal. The data region was directly logged into a 
spreadsheet. The ratio Ri901435 calculations for each cell examined were performed by 
dividing the intensity of individual pixels on the 490 nm image by the intensity of the 
corresponding pixels on the 435 nm image. The pHi calculations were performed 
using a calibration curve. In each experiment between 15 and 25 randomly selected 
individual L. monocytogenes cells were analyzed. Each experiment was repeated at 
least twice. For presentation, ratio images were saved as TIF files, and Adobe 
Photoshop 5.5 was used for contrast enhancement. An example is given in Figure 2-
13. The images demonstrate changes in pHi of L. rnunucytugenes t:ells e.x.posec.l lo 
acidic pH. Stationary phase cells were adapted in experimental solution N2 
(Appendix A) without glucose (pH 6.0) (image #1 in Fig. 2-13). Acidic stress was 
introduced by change of experimental solution in a chamber for one of the same 
composition at pH 4.0. The images shown demonstrate changes in pH1 after acidic 
treatment at indicated times. Change of solution is taken as a zero time. A colour-
coded pH1 scale is shown in each panel. The data demonstrates rapid decrease in pH1 
of L.monocytogenes in the absence of glucose in the medium that is in accord with 
the results presented in Chapter 5.5. 
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Fig. 2-13. Changes in ratio images of L. monocytogenes 4140 exposed to acidic 
stress. Acidic stress was introduced by change of experimental solution in a 
chamber of pH 6.0 without glucose for one of the same composition at pH 4.0. 
Image # 1 represents cells at plio 6.0. Change of solution was made after image # 1 
was taken (indicated as a zero time). Images thereafter demonstrate changes in 
pHi after acidic treatment at indicated times. A color-coded pHi scale is shown in 
each panel. 
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2.4.5 Calibration curve establishment 
To construct a calibration curve for pH, estimation, pH, was equilibrated with 
pH0 adjusted to pH in the range 4.5-9.0 and a corresponding ratio Ri9o/435 was 
estimated (Fig. 2-14). 
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Fig. 2-14. Calibration curve for pH, determination in L. monocytogenes 4140. The ratio 
values are averages based on 40 single cells. The error bars indicate SEM. 
To equilibrate the pH1 and the pH0 of cells, ethanol (63%, v/v) was added to 
stained cells to dissipate the ~pH irreversibly. The mixture was incubated at 30 °C 
for 30 min. Subsequently, the cells were harvested by centrifugation at 10,000 x g for 
5 min and resuspended in buffers having pH ranging from 5.0 to 9.0 with a step of 
0.5 pH unit. Details are given in Table 2-3. 
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Table 2-3. Details of buffer solutions used for FRIM calibration. 
pH Buffer type Chemical composition 
range 
4.5 -5.0 phthalate buffer 0.2 M KH phthalate + 0.2M NaOH 
5.0 - 8.0 potassium phosphate 50 mM KH2P04-K2HP04 
buffer 
8.5 - 9.0 sodium borate buffer 50 mM Na2B407. l OH20 + 0.1 M HCl 
The ratios ~90/435 were determined as described previously. Ratios less than 
2.1 were recorded as pH 5.0 due to the dye pH sensitivity range (Fig. 2-14). A 
relationship between pH1 and ~901435 was established for the range from pH 4.5 to 
9.0 (assuming pH1 = pH0 for equilibrated cells). Interpolation between calibration 
points was used to calculate the pH1 of each cell. 
2.5. Measurements of glucose availability 
Glucose availability in growth medium from inoculation to the stationary phase 
of growth was determined by spectrophotometric measurements of glucose oxidation 
at 340 nm using a commercial kit (Boehringer Mannheim, Cat. No. 139106). The 
growth medium used was a defined MM (Table 2-1) supplemented with glucose. A 
sample of 1 mL was aseptically withdrawn from the batch culture at different times 
after inoculation, filtered through 0.22 µm filter, and a supernatant was used for 
analyses. To determine the concentration of D-glucose in the medium, 0.1 ml of the 
filtered supernatant was combined with 1 ml oftriethanolamine buffer pH 7.6 
containing ATP, NADP, and magnesium sulfate, 0.02 ml of suspension containing 
hexokinase and glucose-6-phosphate dehydrogenase, and 1.9 ml of redistilled water. 
The mixture was incubated for 15 min and the absorbance was read at 340 nm 
against a reagent blank with distilled water. The standard calibration curve was 
constructed and used to determine the amount of glucose in the supernatant (Fig. 2-
15). The glucose concentrations used for construction of the calibration curve ranged 
from 0 to 0.1 % to cover the actual glucose concentration in the medium. 
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Fig. 2-15. Calibration curve for determination of glucose concentration in the 
medium (n=3). 
2.6. Data analysis 
2.6.1. Statistical analysis 
Statistical significance of differences in data was determined by the standard 
Student's t-test. In all kinetic experiments, comparison was made between net ion 
flux or pH1 values before and 20-30 min after the treatment. Details, including the 
sample size numbers, are given in the text and figure legends. 
2.6.2 Spectral analysis 
Spectral analysis of ion flux oscillations was performed by applying the Discrete 
Fourier Transform (DFT) using an EXCEL 4.0 package. The "data window" 
contained 512 or 1024 data points (either 42.6 or 85.2 min intervals). Using the 
IMABS tool in EXCEL 4.0, the moduli of the complex amplitudes were returned 
from the DFT spectra. These moduli were later plotted against the period (T) of the 
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harmonic components for the discrete frequencies v = 0, 1/T, 2/T, ..... , (n-1)/T. For 
some data, the high frequency noise (above 0.05 Hz) was filtered by using a low pass 
filter in the SANTIS package (University of Aachen, Germany). In that case, all the 
analysed ions were treated the same way and DFT, available in the SANTIS package, 
was used to plot the oscillatory spectra. The resulting spectra revealed by EXCEL 
and SANTIS were identical when applied to the same data series. 
2.6.3. Cross-correlation analysis 
Cross-correlation analysis (CCA) was used to quantify the relationship between 
fluxes of two different ions. Large positive or negative cross-correlation means that 
influx of one ion was associated with influx or efflux of another ion, respectively. 
Correlation near zero means fluxes of the two ion8 are unrelated. To assess the 
possibility of a causal link between the activity of the plasma membrane ion 
transporters, maximum values of the cross-correlation coefficient (Pmax) and 
corresponding phase shifts ( cpmax) were determined. The values of the cross-
correlation coefficients were plotted against phase shifts, and the magnitude and the 
sign of cpmax were analyzed to determine which ion was leading, and which one was 
following. 
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Chapter 3 
METHODOLOGICAL ASPECTS OF MIFE 
MEASUREMENTS IN BACTERIAL AND 
FUNGAL CELLS 
As discussed in the preceding sections, since 1995 the MIFE technique has 
become a popular tool in studies on plant adaptive responses. Its application to 
bacteria, however, is entirely novel. Differences between plants and bacteria 
inevitably required significant modifications of experimental protocols, thus 
potentially introducing confounding effects associated with MIFE application in 
microbiology. Therefore, before commencing studies of membrane-transport 
processes in bacteria or fungi, methodological issues should be addressed. 
The most remarkable difference between plant and bacterial cells is their rate 
of growth and, consequently, the duration of their life cycle. The rapid change of 
bacterial cell physiological "status" imposes some restrictions on the timing 
aspects of ion flux measurements. Therefore, it was important to establish the time 
scale required for "static" and kinetic experiments on bacterial cells. 
Another important methodological aspect relates to cell immobilisation and 
associated confounding effects of ion fluxes from the supporting surface used to 
attach bacterial cells. Lew (2000) has mentioned significant K+ efflux from the 
surface of the gelan gum, used to anchor root hairs in Arabidopsis seedlings. Some 
type of plastics, or even a freshly cut glass surface, may be a significant source of 
H+ efflux (S. Shabala, personal communication). It was, therefore, crucial to ensure 
that such artifacts were eliminated or, at least, taken into account in microbial 
studies. 
Finally, the effects of temperature, metabolic inhibitors, ionic strength of 
solution etc on LIX properties had to be investigated before studies on bacterial or 
fungal physiology were undertaken. 
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3.1. Confounding effects of measuring chambers 
As described in Chapter 2, the MIFE technique is based on measurements of 
electrochemical potential gradient profiles near the cell surface. To enable ion flux 
measurements, cells must be immobilised in the measuring chamber. Depending on 
the method used, several confounding effects might be expected. The major ones 
relevant to this study are: 
possible leak of ions from the "supporting" surface (cover slip; see Chapter 2.2); 
confounding effects of adhesive agent (poly-L-lysine). 
To ensure that the experimental methods involved in immobilisation of 
bacterial cells did not induce artefactual ion fluxes, net ion fluxes (illustrated by 
H+) were measured from a plain clean glass surface, from a glass surface coated by 
poly-L-lysine, and from adherent E.coli cells prepared from a batch culture at the 
exponential phase of development (OD540=0.3 A). No fluxes were present in the 
absence of bacteria, while immobilised cells exhibited significant net W efflux 
(Fig. 3-1) indicating a high level of cell metabolic activity. 
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Fig. 3-1. Validation of the applicability of the MIFE technique to measure net ion 
fluxes from immobilised bacteria. Net H+ flux (inward positive) measurements for 
the glass surface, for the glass surface coated by poly-L-lysine (used to attach 
cells to the glass surface), and for the immobilised E. coli cells prepared from an 
exponential phase culture (OD540=0.3 A). Experimental solution Nl (Appendix A) 
was used for the study. 
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Similar results were observed for all other ions measured. Figure 3-2 shows the 
absence of significant net fluxes of Ca2+, H+, and K+ from the glass surface, 
measured at two different levels of Na+ (low- and high ionic strength solution, 
respectively). 
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Fig. 3-2. Net fluxes of Ca2+, 
H+, and K+ from the glass 
surface, measured at two 
different levels of Na+, 
200 and 0.1 mM NaCl, 
respectively. 
thraustochytrid 
experimental solution 
(Appendix A) was used 
throughout the study. 
Solution was changed at 
15 min. Data are means ± 
SE (n=3). 
No artifactal ion fluxes were caused by changing the ionic strength of solution 
in the absence of fungal or bacterial organisms, validating the experimental protocol 
used. The only difference observed was higher noise level of all fluxes measured in 
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200 mM NaCl. The latter may be explained by the imperfect selectivity of LIX used 
(for details, see LIX characteristics in Fluka catalogue). 
3.2. Effect of cell viability on flux value 
To ensure the measured fluxes were due to the activity ofliving cells, 
measurements were conducted using viable and dead (killed by heating) bacterial 
cells (Fig. 3-3). 
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Fig. 3-3. Net W fluxes from viable (open symbols) and dead (closed symbols) L. 
monocytogenes 4140 cells. Culture in the stationary phase of growth was used 
(see Table 2-1). Experimental solution N2 (Appendix A) at pH0 6 or pH0 4 
containing 10 mM glucose was used for flux measurements. Change of solution 
for pH0 4 is indicated by arrow. An enlarged insert shows net H+ fluxes at pH0 6. 
To kill the cells, an aliquot of the culture was autoclaved at 121 °C for 15 min 
under a pressure of 1 atm. Immobilisation procedure and flux measurements were 
performed similarly for both trials. 
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Zero net H+ flux was observed from the dead cells (Fig. 3-3; from 0 to 6 min). 
hnmediately after pH0 was shifted from 6 to 4, a brief (less than 5 min) transient 
uptake ofH+ was observed. This may be explained by the loss of bacterial plasma 
membrane semi-permeability in dead cells, leading to a quick equilibration of 
internal (~7.0) and external (4.0) pH. Once concentrations ofH+ at both sides of the 
PM are in equilibrium, zero H+ flux is observed (from 10 min onwards in Fig. 3-3, 
closed symbols). Therefore, in this situation we are dealing with a passive process of 
W entry into the killed cell. 
In contrast, viable cells of L. monocytogenes 4140 extruded H+ at pH0 6 at the 
level typical for these experimental conditions (see also Figs. 5-10 and 5-20). 
Furthermore, a shift from pH0 6 to pH0 4 resulted in a transient net H+ influx (7-9 
min in Fig. 3-3, open symbols) followed by H+ extrusion due to pH homeostasis 
known to occur inL. monocytogenes (see Sections 5.1, 5.3, and 5.5 for details). 
This data demonstrates that only viable cells are able to extrude W against a 
concentration gradient, thus validating the MIFE studies. 
3.3. Variability of flux measured from different spots 
This part of the study addressed the variability of flux measurements and their 
dependence on duration of measurement. Both of these issues were addressed by 
measurements from different sites of the same cover-slip with immobilised bacterial 
cells. Figure 3-4 illustrates measurements of net W fluxes from 3 different sites of 
immobilised E. coli SB 1 cells derived from two different batch cultures harvested 
during early exponential growth (OD540=0. l 7 A). Experimental solution NI 
(Appendix A) was used in the study. Flux was measured for 1-2 min at each site in 
tum. The data is highly reproducible. The flux patterns are quite uniform between 
different spots, but have a tendency to increase with time (see the difference between 
samples 1 and 3, or 4 and 6). This may be explained by increasing activity of cells in 
the perfusion chamber and associated changes in the H+ transport activity. 
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Fig. 3-4. Net H+ fluxes from 3 different sites (different symbols) of immobilised cells 
from duplicate cultures (open and closed symbols, respectively) of exponential 
phase (OD540=0.l 7 A) E.coli SBl cells. The time scale represents relative time 
with bars indicating units. 
3.4. Effect of solution change 
Most .kinetic experiments performed in this study involved replacement of 
the bath solution (acid and osmotic treatment; application of metabolic inhibitors 
etc). As MIFE theory assumes non-stirred layer conditions (Shabala et al., 1997; 
Newman 2001), it was important, therefore, to estimate quantitatively the timing 
required for this procedure. Figure 3-5 shows the response time of a microelectrode 
after solution change, measured in the absence of bacteria. 
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Fig. 3-5. Effect of solution change on a microelectrode response. Net W fluxes 
measured from the cover slip in the absence of bacteria. Manipulations in the 
chamber were started at 5 min, and fresh solution (N2 for bacteria; see Appendix 
A) of the same composition was added at about 7 min. At about 9.5 min, solution 
replacement was fully completed, and no turbulent flow was observed. The 
interval from 5 to 10 min was later discarded from subsequent flux analyses. 
From these data, it is apparent that the complete procedure of solution 
replacement in the experimental chamber took about 5 min (as tested for the large 
volume chamber). By that time, all turbulent flow ceased (misinterpreted by the 
MIFE system as net H+ efflux from the surface (Fig. 3-5; between 7 and 9 min). The 
interval from 5 to 10 min was not used in subsequent flux analyses. 
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3.5. Effect of fluorescent dye loading 
Measurements of cytosolic pH1 using the FRIM technique, employed in this 
study for bacteria (see Chapter 5.5), requires the pH-sensitive fluorescent probe to 
be loaded into the cell. In preliminary experiments, the MIFE technique was used to 
evaluate potentially confounding effects of the presence of the fluorescent probe 
cFSE, on membrane-transport activity of L. monocytogenes. 
L. monocytogenes cells were prepared and immobilised as described in the 
Chapter 2.2. Experimental solution N2 (Appendix A) was used in the study. 
Bacterial cells were stained with the fluorescent probe cFSE by the procedure 
described in Chapter 2.4. Control cells were prepared in a similar way but without 
adding cFSE. Kinetic experiments were conducted using the MIFE technique to 
monitor net H+ flux at pH0 6.0 and after the medium change to pH0 4.0 without 
glucose in the medium (Fig. 3-6). 
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Fig. 3-6. Effect of the presence of fluorescent probe on net H+ flux changes and 
response to solution pH change. Experimental solution N2 (Appendix A) 
without glucose was used. Data was taken every 0.1 min. Each point represents 
the average value over 1 min. Open symbols represent the trial with 30 µM 
cFSE; closed symbols represent control. 
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The results demonstrated an almost identical response between control cells 
and cells loaded with the fluorescent dye .. It is concluded that net H+ flux response 
is not affected by the fluorescent probe used. 
3.6. Effect of ionic strength change 
Variations in ionic strength of solutions might significantly affect 
characteristics of ion selective electrodes and result in inaccurate estimates of ionic 
concentrations and, ultimately, net ion fluxes. For example, high levels of Na+ in 
the bath solution were expected to decrease the activity of other cations (K+, Ca2+) 
(Nobel, 1974). The experimental data obtained support these phenomena as shown 
in Table 3-1 and Figure 3-7. In Table 3-1, characteristics of a Ca2+ -selective 
microelectrode are given for several levels of NaCl added to 100 µM CaClz 
standard. 
Table 3-1. Characteristics of Ca2+ -selective microelectrodes as a function of ionic 
strength of the experimental solution. 
NaCl, Electrode Calculated Ca2· Electrode calibration characteristics 
mM potential, concentration, Slope Intercept Correlation 
mV µM 
0 -87.0 168 -27.51 -31.82 -0.9997 
20 -89.8 139 
50 -92.3 113 
90 -93.5 100 -27.92 25.33 -0.9999 
150 -94.2 96 
Electrodes were calibrated in two sets of Ca2+ standards, of low and high (90 mM 
NaCl added) ionic strength. Data for electrode potential and calculated Ca2+ 
concentrations refer to a calibration set including 90 mM NaCL 
In this example, Ca2+ selective microelectrodes were calibrated in two sets of 
Ca2+ standards, with (90 mM) or without (0 mM) NaCL No significant change in 
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the Nemst slope of electrodes was found, but the electrode intercept was 
significantly affected. As a result, calculated Ca2+ concentrations in a solution with 
different ionic strength, were inaccurate. The only accurate reading of Ca2+ standard 
(100 µM) was for 90 mM NaCl solution, e.g. for the ionic strength for which the 
electrode was calibrated. The actual Ca2+ concentrations were overestimated for 
J 
solutions with lower ionic strength than one for the standard, and underestimated 
vice versa. 
The underestimation of cation concentrations in solutions with high ionic 
strength might have resulted in significant errors in net flux calculation. Figure 3-7 
shows examples of net Ca2+ flux kinetics measured from thraustochytrid cell in 
response to hypoosmotic shift. 
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Fig. 3-7. Effect of ionic strength of the bath solution on quantitative estimation of 
net Ca2+ fluxes from thraustochytrid cell. Incubation solution, containing 200 
mM NaCl, was replaced by one with 0 mM NaCl (indicated with arrow). Flux 
values were calculated using two different calibration sets for Ca2+, with (closed 
symbols) or without (open symbols) 200 mM NaCl added. 
Starting measurements were undertaken in an experimental solution for 
thraustochytrid (Appendix A) with addition of 200 mM NaCl (0 to 5 min). The 
experimental solution was changed at 5 min (indicated by arrow in Fig. 3-7) for one 
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of the same composition but without NaCl. Flux values were calculated using two 
different calibration sets for Ca2+, with (closed symbols) or without (open symbols) 
200 mM NaCl added. Net Ca2+ fluxes were significantly overestimated if NaCl was 
included in the standards of the calibration solutions for the experiments in low 
ionic strength solutions. Similarly, changes in solution ionic strength affected flux 
measurements of other ions employed in this study (H+, K+, NH4 +; data not shown). 
As a result, this effect was taken into account in all subsequent measurements by 
including NaCl in the calibration set for each of the ions measured in all 
experiments in which NaCl concentration was a variable. Practically, each electrode 
was calibrated in two sets of standards and flux was calculated separately for data 
segments obtained before and after osmotic stress was applied. 
3.7. Temperature sensitivity of ion-selective microelectrodes 
Another methodological issue, important for studying temperature-induced 
ion flux kinetics from thraustochytrid, was the effect of temperature on LIX 
characteristics. It was expected that both the slope and the intercept of the 
calibration curve for ion-selective electrodes might be slightly affected by the 
changing temperatures. 
Two possible options existed. First, these changes might be taken into 
account by the CHART software used for ion flux calculations (calibration and 
measurement solution temperatures are included in the defined parameters). 
Practically it meant flux data would have to be re-calculated a large number of 
times for the appropriate temperature range. Consequently, methodological 
experiments were carried out to evaluate the degree to which ion-selective 
microelectrodes were affected by the changing temperatures. It was found that 
correction for temperature was not required, as is illustrated in Figure 3-8. 
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Fig. 3-8. Kinetics of net H+ flux recovery from thraustochytrid ACEM C calculated 
by using two sets of pH calibrating standards, at 23 °c (open symbols) and 4 °c 
(closed symbols), respectively. 
The maximum deviation in pH readings of 0.03 pH was observed for the first 
2-3 min of measurements, which resulted in about 4.5% underestimation of the net 
flux values. For temperatures ;::: 10 °c (characteristic for all reported apparent critical 
temperatures (ACT) values in this study), the systematic error of ion flux estimation 
was less than other uncontrolled variability. 
Therefore, even in the worst case scenario (e.g. when fluxes are compared for 
samples measured at + 4 and + 23 °c), the difference in the ion flux estimate did not 
exceed 5% for all ions. Even more important is that these temperature changes 
affected only the magnitude of the net flux values, but not the time course of flux 
kinetics. Therefore, there was no effect of temperatures on the estimation of ACT 
and real critical temperature (RCT) values (crucial for this work, see Chapter 4.5). 
3.8. Confounding effect of metabolic inhibitors on LIX sensitivity 
Pharmacological approaches to "dissecting" underlying membrane-transport 
processes is a cornerstone of electrophysiology, and specifically patch-clamp studies 
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(Garrill and Davies, 1994; Ward, 1997). Various specific metabolic inhibitors or 
channel blockers were used in combination with the MIFE technique (Shabala et al., 
2000; Tyerman et al., 2001; Shabala et al., 2001a, b; Shabala and Shabala, 2001). 
Some of them, however, might interfere with LIX in the microelectrode tip and 
significantly affect its selectivity, Nemst slope, or intercept (S. Shabala, personal 
comm.). This is further illustrated by Figure 3-9, where the effect of CCCP (a known 
protonophore) on K+ LIX sensitivity is shown. It is obvious that LIX sensitivity was 
significantly reduced in the presence of 100 µM CCCP. The effect was reversible, 
and after CCCP was removed from the solution, electrode characteristics returned to 
normal. 
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Fig. 3-9. Confounding effects of 100 µM CCCP on the sensitivity of the K+ LIX. 
Potassium electrode was calibrated in the normal set of K+ standards, and 
concentration measurements were undertaken using 1 mM KCl solution, with or 
without CCCP added. 
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By contr,ast, CCCP application had no effect on the sensitivity ofH+ LIX as 
indicated by absence of any pH changes after CCCP application (Fig. 3-10). 
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Fig. 3-10. Confounding effects of CCCP on the sensitivity of the H+ LIX. 
Experimental solution N2 (Appendix A) containing 10 mM glucose was used. 
CCCP preparation is given in Appendix C. CCCP (final concentration 100 j..LM) 
was added to a chamber and solution mixed using a 5 mL pipette. Two replicates 
are shown. 
The absence of confounding effect of DCCD application, a known inhibitor of 
W-ATPase, on both K+ and H+ LIX is illustrated by Figure 3-11 A and B, 
respectively. 
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Fig. 3-11. Confounding effects of 100 µM DCCD on sensitivity of the K+(A) and W 
(B) LIX. Experimental solution N2 (Appendix A) was used. Procedures for 
preparation and application of DCCD is given in Appendix C. Arrow indicates 
application of 100 µM DCCD. 
Overall, several specific metabolic inhibitors or channel blockers were used in 
this study. Of these, only CCCP was found to significantly modify LIX properties 
(Table 3-2). Due to high sensitivity of Ca2+ LIX to CCCP, calcium flux 
measurements were impossible in the presence of CCCP. 
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Table 3-2. Effect of metabolic inhibitors/channel blockers used in this study, on 
sensitivity and characteristics of various LIX. 
LIX Inhibitor/blocker 
La3+ vanadate CCCP DCCD 
H+ No effect No effect No effect No effect 
K+ No effect No effect Correction No effect 
factor required 
Ca2+ No effect No effect Application Not tested 
impossible 
er No effect No effect Not tested Not tested 
NH/ No effect No effect Not tested Not tested 
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Chapter 4 
APPLICATION OF THE MIFE 
TECHNIQUE TO STUDY MEMBRANE -
TRANSPORT PROCESSES AT THE 
SINGLE CELL LEVEL: 
A CASE STUDY FOR THE 
THRAUSTOCHYTRID ACEM C 
In this chapter, the feasibility ofMIFE measurements in microbiology at the 
cellular level is demonstrated, using the marine protist ACEM C (a thraustochytrid) 
as an example. The major objective of this chapter was to demonstrate how the 
application of the MIFE technique might provide new, valuable information about 
physiological processes associated with the growth and adaptation of the 
thraustochytrid ACEM C, and to provide some insights into the underlying ionic 
mechanisms. Because of their ability to produce large amounts of polyunsaturated 
fatty acids (PUF A), thraustochytrids have recently attracted considerable attention as 
a potential single-cell source of these oils. A better understanding of thraustochytrid 
physiology might advance the biotechnology. Several specific issues were addressed 
in this study, particularly: 
Membrane-transport activity and ion flux kinetics associated with the cell cycle; 
Ion flux profiles over the plasma membrane surface and the issue of polarity in 
thraustochytrid ACEM C cells; 
Underlying ionic mechanisms and the functional role ofultradian membrane 
oscillations in thraustochytrid ACEM C cells; 
Membrane-transport processes associated with cell adaptation to hypoosmotic 
shock; 
Kinetics of post-chilling adaptation. 
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4.1. Thraustochytrids and their importance to food microbiology: 
an overview 
4.1.1 Ecology and phylogenetic position 
Thraustochytrids are unicellular, zoospore-producing species of non-
photosynthetic marine protists characterised by the presence of a sagenogenetosome, 
an ectoplasmic net and a cell wall composed of non-cellulosic scales (Weete et al., 
1997). Though originally classified as fungi, they are ultrastructurally closest to the 
labyrinthulids, which have often been treated as protozoa. Chamberlain and Moss 
(1988) suggested that the thraustochytrids should be placed in a group of their own 
and not assigned to the Saprolegniales as was done originally by Sparrow (1943) and 
subsequently by Dick (1973) and Gaertner (1977). The controversial taxonomic 
position of the thraustochytrids was clarified by genetic studies of the 18s rRNA 
(Cavalier-Smith et al., 1994), confirming earlier suggestions based on ultrastructure 
that thraustochytrids constitute a deeply divergent branch of the phylum Heteroconta, 
which is currently classified in the kingdom Chromista. 
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Thraustochytrids are abundant in waters and sediments of coastal areas and in 
estuaries, while populations of variable densities also occur in open ocean where they 
are major constituents of the marine mycoflora (Goldstein, 1963; Bahnweg, 1979; 
Miller and Jones, 1983; Raghukumar, 1992; Porter and Lingle, 1992). 
Thraustochytrids are a common component of the marine micro biota that have been 
associated with surfaces of organic substrates like algae, pollen, and seagrasses 
(Miller and Jones, 1983; Porter and Lingle, 1992). The role of thraustochytrids in 
marine ecosystems is poorly understood. Many reports suggest that they are involved 
in the decay of seaweed (Miller and Jones, 1983; Raghukumar et al., 1994 and ref. 
within). They may also disintegrate calcareous shells and carbonate rocks, thus 
remineralising the organic matter that comprises a significant portion of many marine 
sediments and coastlines (Porter and Lingle, 1992; Raghukumar, 1992). 
4.1.2 DHA production 
The ability of the thraustochytrids to produce docosahexaenoic acid [22:6(n-3)] 
(DHA) has recently attracted considerable attention in relation to the industrial 
application oflong-chain polyunsaturated fatty acids (PUF As). 
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PUF As are important dietary constituents for humans (reviewed by Takahata 
et al., 1998). Their beneficial effects on human health are widely accepted and have 
thus led to extensive nutritional and clinical studies on their effects on human 
physiology (Dyerberg, 1986; Chilton et al., 1993; Takahata et al., 1998). These fatty 
acids have been utilised in the prevention and treatment of heart disease and high 
blood pressure, moderation of the inflammatory response (for example, treatment of 
asthma, arthritis and psoriasis) and some cancer treatments (Ward, 1980). DHA 
appears to be essential for normal growth and functional development of the brain 
and cornea (Connor et al., 1990). 
Although DHA has been found in algae, fungi and bacteria of marine origin, 
their content of PUF A is generally very low (Iida et al., 1996). The largest 
commercial source ofDHA is fish oil, which contains 7-14% DHA. In contrast, 
thraustochytrids produce up to 40% ofDHA of the total fatty acids of the cells 
(Singh and Ward, 1996; Iida et al., 1996). In addition, there are several factors which 
encourage the use of organisms like fungi for lipid production. Fungi need limited 
space for cultivation, a short time to reach maximum lipid yield, and the growth cost 
is low (Farag et al., 1983). 
The demand for oils and fats for industry or consumption is increasing 
annually. Thraustochytrids have already been used for commercial production of 
PUF A-rich products for human consumption and aquaculture feeding (reviewed by 
Lewis et al., 1999). They are also a potential substitute for fish oil in the world 
market and are expected to play an essential role in the future of the pharmaceutical 
industry (Lewis et al., 1999). 
4.1.3 Adaptive responses 
The physiology and nutrition of the thraustochytrids play a key role in 
understanding the ecology of this unique group of marine organisms. In spite of their 
significance, little is known in the area, and many important aspects of 
thraustochytrid physiology are yet to be revealed. The recently recognised 
importance of the thraustochytrids for biotechnology should sharpen the interest 
towards the understanding of the physiology of their growth, the mechanisms of 
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transport processes and their obvious effect on growth. A large number of variables 
affect production of fatty acids (F As), including medium composition (Farag et al., 
1983; Bajpai et al., 1991; Li and Ward, 1994; Singh and Ward, 1996; Iida et al., 
1996), nutrient starvation (Peberdy and Toomer, 1975), FA precursor addition 
(Radwan and Soliman, 1988), pH (Iida et al., 1996), temperature (Neidelman, 1987), 
light intensity (Cohen et al., 1987) and oxygen supply (Davies et al., 1990)~ To date, 
all the improvements in DHA production in thraustochytids have been made by 
empirical medium optimisation, a lengthy and often unproductive way of dealing 
with the problem. A better understanding of the physiology of this protist might open 
some alternative ways for biotechnological optimisation. 
In this Chapter the MIFE technique is applied to study membrane-transport 
processes in thraustochytrid ACEM C associated with the cell cycle and adaptive 
responses to key stress factors. 
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4.2. Membrane-transport activity and ultradian ion flux oscillations 
associated with cell cycle 
The life-cycle of the thraustochytrids is poorly understood (Chamberlain and 
Moss 1988). In this Chapter findings on membrane transport activity associated with 
growth and nutritional status of thraustochytrid cells are reported. Thraustochytrid 
ACEM C was grown as described in Chapter 2.1.1. Culture preparation and 
immobilisation for MIFE measurements are described in Chapter 2.2.2. The 
experimental solution for thraustochytrids (Appendix A) was used for the MIFE 
measurements. The procedure of microelectrode preparation, MIFE measurements 
and data analysis used are given in Chapters 2.3 and 2.6. 
A pharmacological study using sodium orthovanadate (referred here as 
vanadate), a known inhibitor of PM H+-ATPase (Cid and Serrano, 1988; Davies et 
al., 1990; Kollmann and Altendorf, 1993), was performed. After 10 min ofW flux 
measurements at the surface of a thraustochytrid cell, an aliquot of vanadate stock 
solution (Appendix B) was added to a measuring chamber to give the final 
concentration of 1 mM. Experimental solution in the chamber was mixed by suction 
and ejection using a pipette. The H+ flux measurements from the same cell were 
continued for a further 3 0 min. 
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Net fluxes ofW, Ca2+, and Na+ were monitored as the cell progressed from the 
zoospore to sporangium stages of development. A change of membrane transport 
activity associated with cell growth and development, the topography of net W 
fluxes over the thraustochytrid cell surface, and the possible association between cell 
development and ultradian oscillatory activity in membrane-transport processes are 
discussed. 
4.2.1 Morphology and growth stages of thraustochytrid ACEM C 
The typical mature thraustochytrid cell has a cytoplasm filled with multiple oil 
globules and therefore appears to be granular (Fig. 4-1 ). 
The cells are heterogeneous in size and appearance, with diameters ranging 
from about 6 to 50 µm, depending on the age and stage of development. The 
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thraustochytrids reproduce asexually by laterally heterokont zoospores formed 
during the progressive cleavage of the cytosol (Moss 1985; Iida et al. 1996). 
No standard classification of thraustochytrid growth stages is accepted. For 
convenience, a five-stage scale is used in this study illustrated in Figure 4-1. 
I B: Stage 2 
IC: Stage 3 
ID: Stage4 I I E: Stage 5 
Fig. 4-1. The life cycle of the thraustochytrid ACEM C and a five-stage time scale 
employed in this study. A to E show the consecutive stages of cell development 
from the zoospore to the sporangium. More details are given in the text. The bar 
is 10 µm. 
(1) The zoospore stage (Fig. 4-1, A). Due to the relatively small zoospore size 
(typically 6 to 12 µm), simultaneous measurements of several ions from the same 
zoospore were not feasible. 
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(2) The zoospore becomes quiescent. The cyst is formed and gradually enlarges 
to form the sporangium (Fig. 4-1, B). 
(3) The granular structure of the sporangium becomes evident (Fig. 4-1, C).Oil 
droplet formation starts, and cell wall formation is also in progress. 
( 4) The number of oil bodies increases. The thallus continues to expand, and a 
thick capsular wall forms around the sporangium. The formation of cleavage line 
begins (Fig. 4-1, D). 
(5) Cleavage lines delimiting the individual planonts become evident (Fig. 4-1, 
E).This process is then followed by the disruption of the cell wall and discharge of 
zoospores into the medium (Fig. 4-1, A). 
In total, the life cycle of the thraustochytrid ACEM C was quite variable and 
lasted from 28 to 40 h (depending on nutritional status and aeration conditions). 
These times are consistent with other reports (Goldstein, 1963). Net ion fluxes were 
measured for stages 2 to 5, respectively, in this study. 
4.2.2. Membrane transport activity associated with cell growth and 
development 
As the cells progressed in their development from the zoospore to the 
sporangium stages (Fig. 4-1 ), regular changes in the activity of ion transport across 
the plasma membrane (PM) were evident. For all ions measured (H+, Na+, and Ca2+), 
there was a significant (P <0.01 for H+ and Na+ and P<0.05 for Ca2+) decrease in the 
net influx of these ions into the cell (Table 4-1) associated with cell aging. 
Table 4-1. Average fluxes ofH+, Na+, and Ca2+ (nmol m-2 s-1) measured from the 
surface ofthraustochytrid ACEM C associated with cell aging. Results are mean± 
SE. The sample size is indicated in brackets. 
Growth stage NetWflux NetNa+ flux Net Ca2+ flux 
Stage 2 48.7 ± 5.5 (42) 196 ± 22 (42) 16.2 ± 2.2 (20) 
Stage 3 23.7±6.1 (55) 115±31 (55) 13.2 ± 9.2 (16) 
Stage 4 9.2 ± 6.9 (56) 99 ± 38 (56) 8.6 ± 5.6 (22) 
Stage 5 1.4 ± 6.1 (36) 22 ± 36 (36) 6.1±3.3 (18) 
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However, even within the same variant (e.g. for cells at the same 
developmental stage), there was a wide variation in both the magnitude and direction 
of the net ion movement. Generally, the ion flux distribution within the variant was 
close to normal. Data for net H+ fluxes are illustrated in Fig. 4-2A. 
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The possible reasons for such variability are discussed in the following sections 
of this Chapter. 
Without exception cells at stage 2 exhibited net H+ uptake. However, as the 
development progressed, fewer cells took up hydrogen ions. At stage 5, more than 
60% of the cells exhibited net W efflux (Fig. 4-2, B).Similar regularities were found 
for other ions measured (Ca2+ and Na+; data not shown). 
Interpretation of the W flux data is always complicated by the large number of 
potentially contributing mechanisms. Both biochemical (fluxes of C02 or 
bicarbonate, or weak acid extrusion) and biophysical (PM hydrogen transporters) 
mechanisms could be involved. However, there are several lines of evidence 
suggesting that in our case the observed net H+ fluxes may originate essentially from 
the activity of PM W-ATPase. First, Garrill and co-workers (1992) showed that such 
a pump does exist at the PM of Thraustochytrium sp. and plays a key role in nutrient 
transport into the cell. Second, experiments with photosynthesising plant tissues 
suggested that fluxes of bicarbonate or C02 occur much more quickly and do not 
produce pronounced pH gradients in the proximity ofliving tissue (Shabala and 
Newman, 1999). Third, net H+ efflux in thraustochytrid was significantly suppressed 
by 1 mM vanadate, a specific inhibitor ofH+-ATPase (see Fig. 4-12). 
Therefore, it would be reasonable to suggest that the measured net H+ fluxes 
were at least partially attributable to the activity of the PM W-pump. 
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Fig. 4-2. A - Net W flux distribution within variants as a function of growth 
development. The flux values for each individual cell were grouped into 20 nmol 
m-2 s-1 intervals, and the total number of cells was plotted as a function of the 
median flux value. A clear shift towards net W efflux as cells aged towards stage 5, 
as well as a wide flux variation within the same variant, are seen. B - a histogram 
showing progressive decrease in a number of cells exhibiting net W influx at the 
thraustochytrid ACEM C plasma membrane as cells progressed from the zoospore 
to the sporangium stages of development. Results of measurements of 174 
individual cells ( 4 batches of 10 to 12 replicates x 4 different stages of growth in 
each) are shown. Data are mean± SE (n = 4 is the number of batches). 
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Recent findings show that plasma membrane transporters play a crucial role in 
fungal hyphal extension in many species (Lew, 1998). It was also hypothesized (Van 
Brut and Harold, 1980) that univalent cations may trigger encystment and 
germination of Blastocladiella (water mould) zoospores and, therefore, control the 
developmental processes in this species. Of particular importance seem to be 
hydrogen ions (Bachewich and Heath, 1997). Changes in internal pH have been 
implicated in the control of cellular differentiation in Dictyostelium (Gross et al., 
1983; Jamieson et al., 1984), germination of yeast ascospores (Barton et al. 1980), 
and control of starvation and refeeding in S. cerevisiae (Den Hollander et al., 1981 ). 
Germ tube formation in Candida albicans was associated with dramatic 
alkalinization of the cell cytosol (Stewart et al., 1988). Here a significant shift 
towards net H+ efflux is reported (in more than 60% of the total cell number; Fig. 4-
2B), likely to lead to cytosol alkalinisation, associated with sporogenesis in 
thraustochytrid ACEM C. 
One possible explanation to the observed correlation between net ion flux 
value and cell developmental stage may be the changing thickness of the cell wall 
(acting as a barrier for ion diffusion). However, even within the same variant (for 
cells of the same age and, therefore, the same wall thickness), there was wide 
variation in net W fluxes measured in the range of-100to+100 nmol m-2 s-1 (Fig. 4-
2A). Therefore, it is more reasonable to suggest that the progressive decrease in 
average W flux value (Table 4-1) has physiological origins. 
Mechanisms of pH control over the cell cycle are still elusive. At least two 
possible components may be suggested. One is the pH regulation of the cytoskeleton. 
It is known that several actin-binding proteins (e.g. myosin) are pH-sensitive 
(Bachewich and Heath , 1997). Those authors reported that acidification of the 
cytosol in Saprolegnia caused growth inhibition which was accompanied by changes 
in positioning and morphology of mitochondria and nuclei, condensation of 
chromatin, and disruption in peripheral actin. Raising the cytosolic pH could also 
affect cytoplasmic gelation, actomyosin contraction, actin filament cross-linking and 
signal transduction by cGMP (Jamieson et al., 1984 and refs within). It is reasonable 
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to assume that both karyokinesis and cytokinesis require significant rearrangement of 
cytoskeleton assembly (Moss, 1985). 
Another possibility is pH control over cell wall degradation. It is known that the 
thraustochytrid cell wall is of variable thickness, depending upon the stage of 
development (Goldstein, 1963; Moss, 1985). It is usually very thin in newly formed 
zoospores and is progressively transformed into the multilamellate structure in the 
older cysts before it begins to disappear in the fully cleaved sporangium. In higher 
plants, recent findings suggest that cell expansion is strongly dependent on cell wall 
loosening controlled by a special group of enzymes called expansins (Cosgrove, 
1998). Such expansins are known to exhibit an acidic pH optimum and, therefore, 
their activity could be controlled by W extrusion from the cell. A similar scenario 
might take place in thraustochytrid at the later stages of organism development 
facilitating the breakage of the cell wall and resulting in zoospore release. 
The functional role of other ions is less clear. It is known that thraustochytrids 
require sodium as an essential element (Jennings, 1983; Garrill et al., 1992). A 
progressive decrease in net Na+ uptake with cell aging observed (Table 4-1) may 
therefore be partially explained by the diminishing requirements for this ion at the 
later stages of development. 
Calcium is considered to be a ubiquitous second messenger in both the plant 
and animal tissues (Bush, 1993). Calcium gradients were found to be essential for 
hyphal growth (Hyde and Heath, 1997) and regulation ofhyphal branch induction 
(Grinberg and Heath, 1997) in Saprolegnia. There is also some evidence of Ca2+ 
control over H+ transport in microorganisms (Giraldez-Ruiz et al., 1999). Therefore, 
the observed changes in net Ca2+ fluxes across the PM of thraustochytrid ACEM C 
(Table 4-1) may be associated with a signalling role in organism development. 
4.2.3 Topography of net ion fluxes 
There are many reports that polar growing cells show asymmetric location of 
ion transporters, including those for Ca2+ and H+ (Jaffe, 1980; Levina et al., 1995; 
Bachewich and Heath, 1997; Lew, 1998). A complex mosaic of ion flux topography 
over the surface of corn coleoptile protoplasts has been shown by Shabala et al. 
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(1998). To explain the large variability of measured net ion fluxes within the same 
variant (from-100 to+ 100 nmol m-2 s-1 for H+; Fig. 4-2A), it was hypothesized that 
thraustochytrid cells may possess a polarity. 
To test this hypothesis, net W fluxes from opposite sides of individual 
thraustochytrid cells were measured simultaneously. In total, about 60 cells, at stage 
3 and 4, were studied. The W flux ratio distribution had a normal character (Fig. 4-
3 ). The median value of about 0.9 (trend line slope in Fig. 4-4) could probably be 
explained by methodological problems of electrode positioning. 
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Fig. 4-3. Topography of ion flux profile over the cell surface. Net W fluxes were 
measured from opposite sides of the cell, and the frequency distribution was then 
plotted. 
The absence of polarity to a spherical shape of a thraustochytrid cell may 
indicate an equal expansion of the cell surface during growth. However, about 10% 
of the measured cells had oppositely directed fluxes (e.g. net H+ influx on one side 
and net H+ efflux on the opposite site) as illustrated in Fig. 4-4 (filled symbols). 
Therefore, although in the majority of measured cells pronounced polarity was 
absent, it is possible that such polarity may appear at the later stages and be 
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associated with the spatial positioning of the place where zoospores are then 
released. Perhaps the 10% of the cells possessing opposite H+ fluxes might be more 
advanced in their development compared to the majority of the cells studied (stages 3 
and 4). 
150 
~ 100 
e 
~ 
50 
0 
-50 
-100 
:s -150 
00. 
-200 
y = 0.88x - 6.8 
0 
-200 -100 0 
Side 1 H+ flux, nmol m-2 s-1 
0 
100 
Fig. 4-4. The stoichiometry between net H+ fluxes on opposite sides of individual 
thraustochytrid cells. Each point represents a measurement from one individual 
cell (stages 3 and 4). Filled symbols indicate cells exhibiting oppositely directed 
net W fluxes. 
Other evidence supporting the possibility of polar ion transport in 
thraustochytrid ACEM C is that the kinetics of flux changes could be strikingly 
different when measured from two different sides of the cell (Fig. 4-5). 
In the example shown in Fig. 4-5, net H+ fluxes from opposite sides of seven 
individual cells were measured (denoted as #). Cells #1 and #7 showed steady fluxes 
ofH+, of the same magnitude, when measured from opposite sides (no "polarity"). 
Cells #4 and #6 showed different mean W flux values, but the kinetics of their 
changes were similar. Finally, in cells# 3 and# 5, fluxes on opposite sides of the cell 
were behaving independently (steady fluxes at one "pole", open symbols, and 
oscillating fluxes at the other "pole", closed symbols). Therefore, although not 
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polarity in the classical sense, at least independent activity of plasma membrane 
transporters does occur in thraustochytrid ACEM C cells. 
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Fig. 4-5. Experimental evidence for asymmetric location and/or activity of ion 
transporters at the plasma membrane of thraustochytrid ACEM C. In this 
example, net H+ fluxes were measured from opposite sides (open and closed 
symbols, respectively) of seven individual cells (denoted as #). Note the different 
(asynchronous) flux kinetics for cells## 3 & 5. 
4.2.4 Ultradian oscillations in net ion fluxes across the plasma membrane 
" 
Ultradian oscillations are believed to be crucial for the synchronization and 
coordination of spatially separated physiological processes (Lloyd and Kippert, 
1993) as well as for the separation of incompatible processes within the same cell 
compartment (Rapp, 1987). Theoretical models show that oscillatory control is more 
accurate, stable and noise-immune than analog control (Rapp et al., 1981) and may 
provide increased energy efficiency in various biochemical systems (Termonia and 
Ross, 1982). Propagation of oscillatory signals is postulated to be central to 
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morphogenetic processes providing positional information for cell aggregation and 
differentiation (Gross, 1975). 
Despite this, the role of rhythmical processes in plant and fungal physiology 
has always been underestimated. Most of the above mentioned papers are theoretical 
in nature. Experimental evidence is not as abundant, and most of it is relevant at the 
population level, not that of individual cells. Even then, most studies deal with 
diurnal or circadian rhythms in membrane-transport activity. Ultradian oscillations 
have always been treated as "Cinderellas". Experimental data reporting a causal link 
between cell ultradian oscillations in membrane-transport activity and growth, 
adaptation, or morphogenesis of the single cell organism are lacking. 
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Fig. 4-6. Ultradian oscillatory activity in membrane-transport processes at the plasma 
membrane of thraustochytrid ACEM C. A typical example of endogenous H+ flux 
oscillations (dark symbols) for cell at the stage of sporangium (stage 5). No 
oscillations are evident for immature cells at stage 2 (open symbols). 
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Ultradian oscillations (minute range of periods) in net ion fluxes measured 
non-invasively near the cell surface of thraustochytrid cells were observed in this 
study. A typical example of such oscillations for net H+ flux is shown in Fig. 4-6 
(upper trace). 
Such oscillatory activity was characteristic for mature cells at advanced stages 
of their development. For example, only 10% of the total cell number exhibited 
ultradian H+ oscillations when measured at stage 2. This number progressively 
increased as cells aged, and at the last stage as many as 85% of cells possessed 
oscillatory activity (Table 4-2). 
Table 4-2. Correlation between the developmental stage of thraustochytrid ACEM 
C and number of cells exhibiting rhythmical activity. 
Growth stage Cell number, % 
Stage 2 10.1±0.7 
Stage 3 14.4 ± 2.9 
Stage 4 54.6 ± 6.8 
Stage 5 85.5 ± 1.5 
Collated data represents results of measurements of 17 4 individual cells ( 4 
batches of 10 to 12 replicates x 4 different stages of growth in each). Results 
are mean± SE (n = 4 is the number of batches). 
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The period range ofultradian ion flux oscillations was typically 6 to 10 min for 
cells measured in low Na+ solution (1 mM) (Fig. 4-7). These oscillations were 
undoubtedly of endogenous nature as Fourier analysis revealed no oscillatory 
harmonics for the majority of cells at earlier stages of their development when 
measured under the same experimental conditions (Fig. 4-6, open symbols). Based 
on these data, it is suggested that ultradian ion flux oscillations in thraustochytrid 
ACEM C may be causally linked with cell developmental processes. 
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Fig. 4-7. Discrete Fourier Transform for two traces shown in Fig. 4-6. A clear 
resonant peak at about 8 min is seen for developmentally advanced cell (closed 
symbols) while a typical "white noise" is characteristic for immature cells (open 
symbols). 
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Ultradian oscillations in the minute range of periods have been found in a large 
number ofmicroorganisms. The best known are oscillations in glycolysis (Lloyd and 
Stupfel, 1991; Wang et al., 1998) reported for many yeast and fungi species. Other 
examples may include energy-yielding processes, protein turnover, motility and the 
timing of the cell division cycle processes (Jenkins et al., 1989; Lloyd and Stupfel, 
1991; Lloyd and Rossi, 1992; Kippert and Lloyd, 1995; Kippert, 1996). As for 
membrane-related oscillations, there are reports on rhythmical changes in cell 
membrane potential (Gradmann and Slaymann, 1975; Brownlee, 1984; Slaymann et 
al., 1976; Gradmann and Boyd, 1995), but (to my knowledge) no direct evidence of 
rhythmical ion exchange similar to that reported in this study. However, as the period 
range reported elsewhere is very consistent with the observations reported here, it is 
very likely that the above mentioned oscillations in the membrane potential (MP) 
were caused by rhythmical activity of ion transporters at the cell plasma membrane. 
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4.2.5 Ionic basis for ultradian membrane oscillations in thraustochytrid 
ACEMC 
As most of the ion transporters located at the PM are coupled via membrane 
potential (Gradmann and Buschmann 1997), it comes as no surprise that rhythmical 
changes in the activity of one of these transporters may cause oscillatory flux 
patterns for other ions. This is illustrated in Fig. 4-8 where fragments of endogenous 
ultradian oscillations in net H+, Na+, and Ca2+ fluxes are shown. 
As discussed in the above sections, membrane transport activity of 
thraustochytrid cells was quite variable in terms of the absolute flux values. Also, 
ion flux oscillations are usually very far from being harmonic. Altogether, that was 
expected to result in significant variations in the periods and the absolute values of 
oscillatory harmonics between different cells and therefore to complicate their 
interpretation. 
A unique advantage of the MIFE system used for ion flux measurements in this 
study is its high temporal resolution (5 sec) and the ability to measure fluxes of 
several ions in the same experiment and essentially in the same site (the maximum 
distance between electrode tips did not exceed 8 µm). With this experimental design, 
even small deviations in the resultant Fourier spectra for different ions (measured 
simultaneously) may be considered significant. 
Discrete Fourier Transform (DFT) spectra for W, Na+, and Ca2+ flux 
oscillations are shown in Figure 4-9. 
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Fig. 4-8. Fragments of endogenous ultradian oscillations in net I-t, Na+, and Ca2+ 
fluxes measured concurrently from the same thraustochytrid ACEM C cell. One 
representative example (out of 12) is shown (stage 5 of growth). The raw data 
were collected at 5 sec intervals and then smoothed by low pass filtering (0.05 Hz) 
using SANTIS software. 
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Fig. 4-9. Normalised DFT spectra for W (0), Na+(D), and Ca2+ (•)flux oscillations 
shown in Fig. 4-8. It appears that both Wand Na+ ions have the same major peak 
at 6.1 min while for Ca2+ this value was shifted to 8.5 min period. Additional 
peaks at about 1 min and 3 min period are also evident for Ca2+ flux oscillations. 
It appears that both H+ and Na+ ions have the same major peak at 6.1 min while 
for Ca2+ this value was shifted to 8.5 min period. Although rigorous statistical 
analysis was not possible, there is much evidence to suggest this difference is 
significant. Qne of the strongest arguments pro is the fact that in most of the cells 
studied the major resonant harmonic for Ca2+ flux oscillations was always shifted 
towards the longer period by 1.5 to 3 min compared with that for W, regardless of its 
modal value (data not shown). Also, additional resonant components at about 1 min 
and 3 min are also seen in the Ca2+ spectrum (Fig. 4-9, dark circles). The latter is not 
an artifact of the measuring system as DFT of Ca'.2+ flux for cells not-exhibiting 
ultradian oscillatory activity (at stages 2 or 3) was typical "white noise" similar to 
that reported for Win Fig. 4-6 (data not shown). H+ and Na+ flux oscillations may be 
mediated by the same transport mechanism, while oscillations in the net Ca2+ flux are 
likely to be attributed to another physiological.process. Further support for this 
suggestion is given by cross-correlation analysis of ion flux oscillations (Fig. 4-10). 
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Fig. 4-10. Cross-correlative analysis ofultradian ion flux oscillations shown in Fig. 
4-9. The cross-correlation coefficient (CCC) for variable pairs (H+ & Na+; H+ & 
Ca2+; Na+ & Ca2l was calculated for different phase shifts between two data 
series ranging between -200 and + 200 sec with 10 sec increments. The CCC-
values were then plotted against the phase shifts, and the maximum values of the 
cross-correlation coefficient (Pmax) and the corresponding phase shifts ( <pmax) were 
determined (shown as an arrow for H+ & Ca2+). It was demonstrated that H+ was 
the leading ion. 
The maximum correlation between H+ and Ca2+ flux oscillations occurred 
when fluxes were shifted by about 2.5 min (H+ is leading; Fig. 4-10, open symbols). 
At the same time, the phase shift between Wand Na+ flux oscillations is zero. The 
difference in the values of cross-correlation coefficients for H+ & Na+ and H+ & Ca2+ 
pairs is statistically significant at P = 0.01 level (Fig. 4-11 ). 
Shabala et al. (1997) also reported a phase shift of about 1.5 min between Ca.2+ 
and H+ flux oscillations in corn root which was attributed to protonation of the cell 
wall and displacement of Ca2+ by hydrogen ions as a result of the Donnan 
interaction. However, in that case Ca2+ flux oscillations were leading and oscillatory 
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periods for both ions were the same. Here the correlation between two of these ions 
is negative (Fig. 4-11 ), and oscillations have apparently different periods. Therefore, 
the involvement of the cell wall is excluded and the Ca2+ flux oscillations are 
attributed to some (still unidentified) cellular process. This question will require 
further studies using a pharmacological approach. 
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Fig. 4-11. Average CCC-values for ~cp = 0. Error bars are SEM (n = 4 to 7). Significant 
positive correlation between Wand Na+ flux oscillations is evident. 
By contrast, oscillations of H+ and Na+ flux seem to be tightly coupled (Figs. 4-
10, 4-11). Several possibilities might explain their origin. 
(1) It could be that net H+ flux oscillations are caused by oscillatory activity 
of an H+-pump. Such an idea was put forward by Gradmann and Slayman (1975) to 
explain membrane potential oscillations found in a Neurospora poky mutant. A 
similar conclusion was made from the study of pH effects on ion flux oscillations in 
corn roots (Shabala et al., 1997). Following that scenario, Na+ flux oscillations might 
be driven simply via membrane voltage. If membrane coupling operates within the 
time frame of ::s;l sec, the temporal resolution of the MIFE system (5 sec) is 
inadequate to distinguish between these two processes. Additional evidence 
supporting the possible involvement of the W pump as a potential source of cell 
rhythmical activity comes from concurrent measurements of the net H+ fluxes during 
patch-clamp studies ofprotoplasts isolated from wheat roots (Tyerman et al., 2001). 
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In the latter study, half the protoplasts measured were reported to possess rhythmical 
activity lasting up to 5 h. Measured in the current-clamp mode, the resting potential 
(RP) oscillated between -160 and + 40 rn V with period from 10 to 60 rnin without 
significant changes in the IV-curve slopes and, therefore, channel conductance. 
These RP oscillations were accompanied by significant (amplitude up to 200 nrnol 
rn-2 s-1) oscillations in the net W flux from the protoplast surface. 
If H+ -pump activity is central to ion flux oscillations, the ultradian H+ flux 
oscillations should be strongly affected by known inhibitors of H+ -ATPase activity. 
However, 1 rnM vanadate had no apparent effect on net H+ flux oscillations within 
one hour of being added in the bath medium (Fig. 4-12, open symbols). 
Net Na+ flux oscillations were also not affected significantly (data not shown). 
At the same time, vanadate almost completely suppressed the cell's ability to respond 
to temperature variations (see Fig. 4-26, Chapter 4.6) indicating its efficient control 
over H+ -ATPase activity in thraustochytrid ACEM C. It was concluded that the 
observed ultradian ion flux oscillations in thraustochytrid cells are vanadate-
insensitive and not likely to originate from the oscillatory activity of the plasma 
membrane H+ -ATPase pump. 
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Fig. 4-12. Effect of 1 rnM orthovanadate (a known inhibitor of plasma membrane 
H+-ATPase) on net H+ flux in thraustochytrid ACEM C. Fragments of 
ultradian W flux oscillations before (closed symbols) and 30 rnin after (open 
symbols) vanadate treatment. 
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(2) Observed oscillations might be a consequence of rhythmical activity of the 
Na+/H+ co-transport system. 
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Sodium is considered an essential element for thraustochytrid growth and it is 
therefore present in the cytosol of thraustochytrid cells in large quantities (between 
30 and 50 mM; Garrill et al. 1992). For the experimental conditions described (1 
mM Na+ in the bath), the Nemst potential for sodium ENa is therefore between-85 
and-100 m V. The membrane potential of thraustochytrid ACEM C cells was in the 
range -60 to -80 mV. In such conditions, passive Na+ uptake is not possible. 
Nonetheless, net Na+ influx was measured in all experiments (Table 4-1). Therefore, 
a significant part of such Na+ influx must be mediated by some co-transport system 
operating at the plasma membrane. A high degree of synchronism between Na+ and 
W flux oscillations (absence of phase shift, Fig. 4-10) makes it tempting to suggest 
that the putative co-transport system could be a Na+/W cotransporter. Garrill et al. 
(1992) suggested that movement ofNa+ andW occurs in antiport in 
Thraustochytrium aureum. Katz et al. (1989) reported similar findings for 
unicellular halotolerant alga, Dunaliella salina. For these organisms in their normal 
habitat (hypersaline environments), Na+ enters down a large electrochemical 
gradient, driving the active export ofH+. At low NaCl conditions, this process could 
probably be reversed. 
However, the correlation between net Na+ and W flux oscillations was 
positive, not negative (Fig. 4-11), which undermines the plausibility of the antiport 
hypothesis. Therefore, some other possibilities require consideration. 
(3) Another option is that ion flux oscillations are driven by rhythmical 
variations in Na+ channels conductance, and W flux simply follows these changes. A 
plausible scenario is periodical switching between inward- and outward rectifying 
Na+ channels. As most of the data concerning the actual values of cytosolic Na+ 
concentration come from atomic absorption spectroscopy (Garrill et al., 1992), it 
could well be that the actual level of cytosolic Na+ may fluctuate around the "basic" 
numbers reported. This will cause rhythmical changes in ENa values and, therefore, 
alter energy requirements for the passive Na+ uptake. The question should be further 
studied by concurrent patch-clamp and ion flux measurements. 
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Under this scenario, the oscillatory feature of H+ flux is expected to originate 
from voltage coupling (Gradmann and Buschmann, 1997). Experimental support for 
the concept is now presented. Figure 4-13 illustrates ultradian W flux oscillations 
measured from opposite sides of the same cell. The synchronism is striking. 
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Fig. 4-13. Evidence for the coupling between different membrane transporters via 
membrane potential. In this example, ultradian H+ fl~ oscillations, measured 
from opposite sides of the same cell, have a striking degree of similarity. One (out 
of 8) typical examples are shown. 
4.2.6 Functional role of ultradian membrane oscillations 
The question of the functional role of the observed ultradian ion flux 
oscillations remains to be answered. At the current level of knowledge, it is only 
possible to state that the oscillatory behaviour is different at various stages of cell 
development. To establish a causal link between these two processes, more 
experimentation is required. Two possibilities are suggested. 
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On the one hand, the oscillations might be directly involved in control of 
physiological processes. One such process is sporogenesis. Here it is shown that the 
highest rhythmical activity in thraustochytrid ACEM C was observed at the stage of 
the sporangium. In some microorganisms (e.g. Fusarium ), rhythmical Ca2+ 
oscillations play a central role in the cyclic assembly and disassembly of cytoplasmic 
actin filaments and, ultimately, in shuttle streaming (Smith and Saldana, 1992). It 
could well be that a similar scenario is applicable to actomyosin contraction or 
rearrangement of cytoskeleton assembly in thraustochytrid cells resulting in a 
rupture of the plasma membrane and zoospore release. Direct experiments are 
required to assess this hypothesis. 
Another possibility is that the oscillations may be of adaptive significance. A 
clear trend in dependence of periods of net H+ and Na+ flux oscillations on the 
external Na+ concentrations in the bathing medium was observed (Figs. 4-14 and 4-
15). The higher was the concentration of Na+, the shorter was the oscillatory cycle. 
Cell treatment with 200 mM NaCl shifted the resonant peak from 6.5 min 
observed in the control (1 mM NaCl solution; Fig. 4-14A; 4-15A) to 4-min (Fig. 4-
14B; 4-15B). The difference in the period ofW flux oscillations between 1 mM and 
200 mM NaCl variants was highly significant (7.09 ± 0.17 and 3.99 ± 0.09 min 
respectively; n = 60). 
Many papers suggested that environmental signal specificity may be encoded 
by the amplitude and the frequency of oscillations in some cellular processes. This is 
expected to result in an increase in accuracy of control over intracellular processes, 
enhanced stability and better signal to noise ratio than analog control (Rapp et al., 
1981 ). Best known are oscillations, or repetitive spikes, in cytosolic free Ca2+ 
concentrations found in many organisms in response to various stimuli (McAinsh et 
al., 1995; Hajnoczky et al., 1995; De Koninck and Schulman, 1998; McAinsh and 
Hetherington, 1998). Often the frequency of such oscillations showed a dose-
response dependence on the external medium composition (McAinsh et al., 1995; 
Bauer et al., 1998). Understanding the mechanisms of such encoding and its 
physiological implications is a great challenge for future studies. 
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Fig. 4-14. Evidence for the presence of a frequency-encoding mechanism in 
thraustochytrid ACEM C cells. Two fragments of ultradian W flux oscillations are 
shown for 1 mM (Control) (A) and 200 mM (B) NaCl in the bath medium. 
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Fig. 4-15. Evidence for the presence of frequency-encoding mechanism in 
thraustochytrid ACEM C cells. Results of spectral analysis are shown in panels A 
-1 mM NaCl (Control) and B-200 mM NaCL For each of these the power of the 
DFT signal is plotted against the corresponding harmonic Fourier component. A 
significant shift in the resonant Fourier harmonic is evident. The higher the NaCl 
concentration, the shorter was the oscillatory cycle. 
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4.2. 7 Conclusion 
In this study the MIFE technique was applied to study membrane-transport 
processes associated with cell growth and nutritional status ofthraustochytrid 
ACEM C. Several important phenomena, such as development of polarity at the later 
stages of cell development and the presence of pronounced oscillatory patterns in ion 
transport across the plasma membrane (period range of several minutes) were 
revealed. Some evidence that a frequency-encoding mechanism might be present in 
thraustochytrid cells was found. The high spatial and temporal resolution of the 
MIFE technique, as well as the ability to measure simultaneously several different 
ions, provided insights into the underlying mechanisms responsible for the observed 
changes. Taken together, these findings illustrate the power of the MIFE technique to 
study membrane-transport processes in unicellular organisms similar to 
thraustochytrid ACEM C. Further studies might lead to greater progress in balancing 
the nutritional requirements and optimization of other growth culture conditions (pH, 
osmoticum, temperature etc ), eventually leading to an increase in production of 
PUFA. 
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4.3. Osmotic adjustment in thraustochytrid ACEM C: 
literature review 
4.3.1 Background significance 
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Thraustochytrids and other inhabitants of terrestrial waters are exposed to 
frequent variations in osmolarity during their life cycle. Consequently, they are 
expected to have developed an adaptive mechanism for osmotic adjustment to the 
changing environment. 
Two marine species, namely Dendryphiella salina and Debaryomyces 
hansenii, have been proposed as model organisms to study fungal adaptive responses 
to salt and osmotic stresses (Clipson and Jennings, 1992). This suggestion, however, 
is supported primarily by the large number of studies performed on these organisms, 
rather than by their "universal" physiological features. It is difficult to indicate to 
what extent the models, based on these higher fungi, are applicable to the 
thraustochytrids. The latter are often referred to as the lower fungi (Jennings, 1995) 
and were shown to require macro amounts of sodium for growth (Jennings, 1983; 
Garrill et al., 1992). 
The importance of studies into thraustochytrid adaptive responses to salinity 
and osmotic stress are at least two-fold. First, these organisms form a significant 
component of the marine biota (Goldstein, 1963; Bahnweg, 1979; Porter and Lingle, 
1992); second, thraustochytrids have minimal cell walls with almost naked 
membranes (Clipson and Jennings, 1992) and, therefore, can be an ideal model 
organism for membrane studies in marine organisms. In most other marine fungi, the 
large volume of the hyphal wall makes work on the plasma membrane problematic. 
In the marine environment, the water potential is dominated by sodium and 
chloride, resulting in an external water potential of around -2.3 MPa (Clipson and 
Jennings, 1992). Maintenance of turgor pressure is essential for an increase in cell 
volume and thus for growth of the thraustochytrid cell. Furthermore, intracellular 
water potential of cells must be maintained more negative than the external one to 
enable an inwardly directed flux of water, ions, and nutrients (for importance of 
membrane transport processes see Chapter 1.2). 
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4.3.2 Cell responses to hypoosmotic shock 
In their natural habitats, microorganisms are often exposed to significant 
osmotic changes. The osmotic stress must be sensed and converted into an activity 
change of specific enzymes and transport proteins, and/or must trigger their synthesis 
in a way that the osmotic imbalance can be rapidly restored. 
Goldstein (1963) proposed that Thraustochytrium roseum is an obligatory 
marine organism. However, it was shown later that this protist may inhabit a wide 
range of osmolarities and ion compositions (Booth, 1971 ). Fluctuations of salinities 
within a habitat (particularly an estuary) are expected to have resulted in the 
development of efficient mechanisms of osmotic adjustment. Specific details of the 
latter, however, remain to be revealed. Transport processes across the PM play an 
important role in osmotic adjustment of fungal cells in response to osmotic stress 
(Burgstaller, 1997). The mechanism involved in the response to hypoosmotic shock 
has been established using mammalian cells (for review see Lang et al., 1998), 
bacteria (for reviews see Blount and Moe, 1999) or algae (Bisson and Gutknecht, 
1975; Okazaki and Tazawa, 1990; Beilby et al., 1999; Shepherd and Beilby, 1999), 
while marine fungi remain unexplored. 
When cells are affected by hypoosmotic shock they are subject to substantial 
inward flows of water. A decrease in the external solute concentration from 250 mM 
to near zero would increase the intracellular pressure by more than 6 atmospheres 
(Blount and Moe, 1999). Unless steps are taken, these drastic forces will cause the 
cell to rupture. 
Organisms employ a number of strategies when confronted with hypoosmotic 
stress. One of them is opening large pores in the cell membranes, the so-called 
'mechanosensitive channels' (MS Cs), and release of cytoplasmic solutes into the 
medium, thus equilibrating the turgor pressure (Blount and Moe, 1999; Levina et al., 
1999). Thus, MSCs act as 'emergency release valves' (Blount and Moe, 1999). This 
efflux is believed to be a universal response in both prokaryotes and eukaryotes (for 
reviews see Sukharev et al., 1993; Blount and Moe, 1999; Hamill and Martinac, 
2001). Although some metabolic solutes are lost, this is a small cost compared with 
the prospects of cell death due to potential rupture. The re-shrinking ofhypotonically 
swollen cells is termed regulatory volume decrease (RVD). These changes in cell 
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volume are caused by the activation of ion transport pathways as well as by 
osmotically driven water movement such that the cell volume returns to normal 
levels. 
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Another way to cope with hypoosmotic shock is transporting the ions via ion 
channels thus reducing the turgor pressure (Bisson and Gutknecht, 1975; Beilby et 
al., 1999; Shepherd and Beilby, 1999). 
Finally, an organism regulates the water flow via water channels (aquaporins) 
that are found in both eukaryotic organisms and bacteria (Calamita et al., 1995). 
Aquaporins facilitate rapid water movement across the cytoplasmic membrane and 
are repressed during growth at high osmolarity. Such repression might be beneficial 
for any cell unfortunate enough to undergo hypoosmotic shock as this might slow 
down the rate of water penetration and the consequent pressure build up during the 
transition from high to low osmolarity. 
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4.4. Ion fluxes and hypoosmotic adjustment in thraustochytrid 
ACEMC 
Response to hypoosmotic stress (or osmotic down-shock) requires an increase 
in osmotic potential within the protoplasm of an organism. This increase is usually 
achieved by reducing the internal concentration of solutes. Ion transport across the 
cell membrane is the most efficient and rapid means of altering cellular osmolarity 
(Lang et al., 1998). The MIFE technique was used to assess the involvement of 
transport processes in response oftraustochytrid ACEM C to hypoosmotic shock. 
The culture was prepared and cells were immobilised as described in Sections 2.1.1 
and 2.2.2, respectively. Detailed description of microelectrode preparation, flux 
measurements, and data analysis are given in Section 2.3. Four day old culture was 
used (if not stated otherwise) in the study to minimise the variability of cellular 
response. Thraustochytrid experimental solution (Appendix A) containing 5% 
glucose and various NaCl concentrations was used throughout this-study. 
Thraustochytrid cells were adapted in an-experimental solution containing 200 mM 
NaCl for 2 h. Hypoosmotic shock was introduced by changing the experimental 
solution using a peristaltic pump (rate of solution flow up to 6 mL min-1) in a 
measuring chamber with immobilised cells. At least 6 chamber volumes were 
pumped through the chamber to substitute the experimental solution. Net ion fluxes 
were measured for 10 min before solution change (at high osmolarity) and for 60 min 
after the change of experimental solution for low osmolarity. The kinetics were 
monitored for up to 3 different ions were measured simultaneously from the surface 
of a thraustochytrid ACEM C cell. 
Lanthanum chloride, which blocks PM Ca2+ channels, was used at 200 µM 
concentration. The preparation of LaCb stock solution is described in Appendix B. 
The kinetics of Ca2+ flux were measured at the surface of thraustochytrid cells 
pretreated in an experimental solution containing 200 µM LaCb at two levels of 
NaCl in the solution: at 200 mM NaCl (for 10-15 min) and after a shift to 0 mM 
NaCl concentration (for 40-50 min). 
The ions monitored in the present study were divided into two groups: 
(i) ions known to be involved in osmotic adjustment (K+, Na+, and Cr); 
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(ii) ions not directly contributing to osmotic adjustment (H+ and Ca2+). 
The first group of ions were selected for their role in osmotic adjustment in a 
number of organisms. As other ionic movements must provide for overall charge 
balance, the second group of ions was studied also. Involvement of Ca2+, known for 
its signalling role in a number of responses, was of special interest. 
4.4.1 Changes in net K+, Na+, and er fluxes 
The kinetics ofK+, Na+, and er flux ofthraustochytrid ACEM C in response to 
hypoosmotic shock are shown in Fig. 4-16. 
When the NaCl concentration in the medium was reduced from 200 mM to 
near b mM, transient net efflux ofK+, Na+, and er was observed. This efflux 
gradually decreased, and returned to the original values 15 to 20 min after the 
hypoosmotic stress onset. 
Animal cells (Ikehara et al., 1992; Orlov et al., 1993; Hoffinann and Dunham, 
1995), yeast (Thome-Ortiz et al., 1998), algae (Bisson and Krist, 1995; Beilby and 
Shepherd, 1996; Bielby et al., 1999; Shepherd et al., 1999) and marine fungi 
(Rauferova et al., 1997) are all reported to lose mainly K+, er, and Na+ in response 
to hypoosmotic shock. The overall contribution of the above three ions, however, 
might be different in various organisms. Usually, more K+ and Na+ than anions er 
are lost from cells in animal tissues in response to hypoosmotic stress (Lang et al., 
1998). Most marine algae have an inward er pump (Bisson and Gutknecht, 1975), 
and turgor-sensitive er transport is believed to be prevalent in these organisms 
(Gutknecht et al., 1977; Bisson and Gutknecht, 1975). In some species, such as 
Valonia or Chaetomorpha, however, the most significant changes relate to K+ 
permeability (Steudle et al., 1977). A recent report of La Spada et al. (1999) 
demonstrates that the regulatory mechanisms of Aiptasia diaphana (a marine 
species) to hypoosmotic shock consist mainly of an increase in conductance to K+ 
and er. The three ions mentioned above were also claimed to be the major 
contributors to turgor regulation in plant cells (Jones and Pritchard, 1990; Shabala et 
al., 2000). Hyperosmotic stress usually reverses fluxes of these ions, as was shown 
both in plants and fungi (Clipson and Jennings, 1992). 
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Fig. 4-16. Kinetics of net K+, Na+, and er flux in response to hypoosmotic shock in 
thraustochytrid ACEM C. Cells adapted to 200 mM NaCl for 2 h were subjected 
to hyposmotic shift by a change of experimental solution in a chamber for a new 
one without NaCl using a peristaltic pump. Error bars are SEM (n=8). Due to low 
signal to noise ratio, measurements of steady er and Na+ flux values at 200 mM 
NaCl concentration in the experimental solution were not possible. 
Apart from MSCs, intracellular solutes may leave an organism via other routes. 
For example, an exchange mechanism (K+,tI-t- and Na+/Ca2l was shown to be 
involved in volume regulation of mammalian cells (Lang et al., 1998). Furthermore, 
it was shown that in HeLa cells K+ and Na+ were released through the K+-channel 
and the Na+-pump, respectively (Ikehara et al. , 1992). Similar pathways for efflux 
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were reported in marine fungi (Rauferova et al., 1997). However, Garrill et al. (1992) 
presented some evidence for the absence of the sodium pump in Thraustochytrium 
roseum. Therefore, some other pathway of Na+ efflux from the cell must be operating 
in thraustochytrids. 
An additional factor that influences ion flux across the plasma membrane of 
thraustochytrids is the depolarisation of the PM known to occur in a variety of cells 
in response to hypoosmotic shock (Bisson et al., 1995; Lang et al., 1998; Wood, 
1999; Shepherd and Beilby, 1999; Shepherd et al., 1999; Stento et al., 2000). Based 
on cell volume and membrane potential measurements under various experimental 
conditions, it was concluded that hypoosmotic shock activates independent, 
conductive transport pathways for K+ and for er, respectively (Sarkadi et al., 1984). 
Membrane depolarisation has been proposed to be one of the early events responsible 
for the stimulation of the efflux of ions involved in cell volume regulation (Brochiero 
et al. (1995). Indeed, depolarization of the cell membrane was shown to be 
responsible for the opening of anion channels (Caldwell et al., 1986) as well as 
voltage sensitive K+ and Ca2+ channels (Lang et al., 1998) in cells after hypoosmotic 
shock. For example, depolarisation of the PM in the 'lower fungus' Blastocladiella 
emersonii resulted in the opening of an anion channel which was able to pass 
chloride among other anions (Caldwell et al., 1986). The authors postulated the 
control role of the anion channel in turgor regulation. 
4.4.2 Quantitative assessment of ion flux contribution to osmotic adjustment 
in thraustochytrid ACEM C. 
Among the cytoplasmic solutes that may be released upon hypoosmotic shock 
are inorganic ions and solutes of organic origin (proline, trehalose, and even small 
proteins) (Sukharev et al., 1993; Cui and Adler, 1996; Blount and Moe, 1999; Jones 
et al., 2000). Wethered and Jennings (1985) demonstrated that ions made the major 
contribution (around 90%) to solute potential of Thraustochytrium spp. sporangia 
when grown at different seawater salinities. This is a far higher contribution than that 
for the higher marine fungus Dendrypliella salina. Clearly, ionic contribution is 
predominant in turgor regulation of thraustochytrids. Qualitative data presented here 
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(Fig. 4-16) supports this, demonstrating that all these ions were extruded after the 
application of a hypoosmotic shock to thraustochytrid AeEM e. 
High spatial resolution and a unique opportunity of the MIFE system to 
measure concurrently fluxes of three ions in the same experiment and from the same 
cell enabled the contribution of efflux of each specific ion (Na+, K+ and er) in the 
osmotic adjustment of thraustochytrid cells to be quantified. 
Assuming average cell radius R= 10 µm, the cell volume (V) is 
V = 4/3 7t R3 = 4.18 10-15 m3 
and the cell surface area (S) 
S = 4 n R2 = 1.25 10-9 m2 
From Fig. 4-16, the average net efflux of ions over the 30 min interval, 
observed during the transient response, is 
K+ efflux= 25 nmol m-2 s-1 
Na+ efflux= 390 nmol m-2 s-1 
er efflux= 150 nmol m-2 s-1 
Assuming surface area of the thraustochytrid cell S = 1.25 10-9 m2 (see above), and 
the flux being uniform over the cell surface, then in 30 min, the total loss of ions 
from the cell will be 
ilN = Flux x Surface area x Time 
ilN = 5.65 10-14 mol ofK+ 
ilN = 8.79 10-13 mol of Na+ 
ilN = 3.39 10-13 mol of er 
According to van't Hoffs law, the loss of each of these ions will cause a drop 
Ll '¥ in the cell turgor (Shabala et al., 2000) 
il'P=LlN * R * T /V, 
where R = 8.31 is the universal gas constant; T = 296 K is the ambient 
temperature; and V = 4.18 10-15 m3 is an average cell volume (see above). 
Then 
Ll '¥ = 0.04 mPa for K+ 
~'P=0.51 mPaforNa+ 
il'P = 0.20 mPa for er 
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Overall, efflux of these 3 ions will result in the drop of cell turgor by about 
0.75 mPa. At the same time, transition from 200 mM to near 0 mM NaCl is expected 
to cause the change in osmotic potential of about 0.8 mPa (CRC Handbook, 1974). 
Therefore, almost complete osmotic adjustment is achieved within the first 30 min 
by efflux of Na+, K+ and er ions in thraustochytrid cells. Of these, sodium is a major 
contributor (more than half of the total osmotic adjustment), with chloride being the 
second major contributor. The role ofK+ in the process of osmotic adjustment 
appears to be relatively small. Involvement of other ions for charge balance is 
discussed below. 
According to Bisson et al. (1995), turgor regulation in Chara occurs in two 
distinct phases: 
the fast phase, lasting ea 5 min, during which about 25% of initial turgor is 
recovered; 
the slow phase, when the remaining balance of the turgor pressure is achieved. 
The duration of the second phase was strikingly different between different 
cells, and showed very strong dependence on cell size (volume). In small cells, its 
duration was about 40 min, while in larger cells full turgor restoration required up to 
several days. The calculations presented above suggest that almost complete cell 
turgor was restored within 30 min of stress onset. Due to small cell size, the efficacy 
of turgor regulation in thraustochytrids should be much higher than in giant algae 
(similar to response of Chara cells of different size, Bisson et al., 1995). 
The observation that Na+ plays a key role in the process of osmotic adjustment 
in thraustochytrid ACEM C is consistent with the crucial role of Na+ for normal cell 
growth and development. Various studies (Goldstein, 1963; Bahnweg, 1979; Garrill 
et al., 1992) have shown that thraustochytrids can grow in salinities ranging from 10 
to 100% sea water but cannot grow at zero salinity. Moreover, the requirement for 
Na+ can be met only partly by potassium (Jennings, 1983; Garrill et al., 1992). 
It is apparent, however, that the role of Na+ is not limited by its involvement in 
cell osmoregulation. Garrill et al. (1992) showed that protoplasmic Na+ concentration 
was very stable ranging from 40 to 50 mM at different external NaCl concentrations, 
indicating an efficient mechanism of intracellular Na+ homeostasis. Increase in 
sodium chloride concentration in the medium up to 500 mM correlated with an 
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almost proportional increase in dry weight production and in cell numbers ( Garrill et 
al., 1992). Part of the requirement for sodium appears to be the facilitation of 
phosphate uptake (Siegenthaler et al., 1967 a, b; Belsky et al., 1970). 
Quantitative information on the contribution of inorganic ions to turgor 
regulation in thraustochytrids is controversial. Wethered and Jennings (1985) 
reported that inorganic ions contributed about 90% of the osmotic potential of solutes 
within the protoplasm of T. aureum grown at 50% seawater. In contrast, Garrill et al. 
(1992) showed that at around sea water salinity, sodium and potassium contributed 
less than 25% of the osmotic potential of T. roseum required for osmotic balance. 
However, the input of er into the osmotic adjustment of T. roseum was not 
considered by those authors. Meanwhile, many of the reports reviewed above, as 
well as the present study, demonstrate an important role for er in the process of 
osmotic adjustment. Keeping in mind the small contribution of organic solutes to the 
osmotic potential ofthraustochytrid cells (~0.5%) (Wethered and Jennings, 1985), 
our data demonstrates the importance of inorganic ions to osmotic adjustment of 
thraustochytrids exposed to hypoosmotic stress. 
4.4.3 Changes in net H+ fluxes 
The second group of ions studied, namely H+ and Ca2+, does not directly 
contribute to the osmotic adjustment of an organism. 
It was found that the onset ofhypoosmotic stress (transition from 200 to near 0 
mM NaCl) induced significant (~150 nmol m-2 s-1) net H+ influx into the 
thraustochytrid ACEM C cell, peaking 5 to 7 min after the treatment, followed by a 
gradual decline in net H+ flux back to the initial value (Fig. 4-17). 
In steady-state experiments, net H+ fluxes were measured from the 
thraustochytrid surface after cell pre-incubation in an appropriate experimental 
solution (Appendix A) for 1 h. Net W extrusion increased progressively with an 
increase in NaCl concentration in the solution. Protons were taken up at NaCl 
concentration below 10 mM and actively extruded above this concentration (Fig. 4-
18). 
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A number of studies have demonstrated that cell swelling in response to 
hypoosmotic shock leads to cytosolic acidification. This was reported for a number 
of organisms including animal cells (Lang et al., 1998), bacteria (Berrier et al., 1992; 
Schleyer et al., 1993), fungi (Luard, 1982) and plants (Li and Delrot, 1987). Several 
possible mechanisms were suggested. 
First, MSCs display little ion or solute preference. The changes in cytoplasmic 
pH strongly support the notion, derived from patch clamping, that the solutes can 
move in ~oth directions through the open channel (Schleyer et al., 1993). MSCs were 
also reported to facilitate H+ entry (Schleyer et al., 1993). This is consistent with a 
dramatic H+ influx in response to hypoosmotic shock observed in Figure 4-17. 
Secondly, modulation of W-pump activity by the changes in external osmotic 
concentration and/or cell turgor has been reported (Rubinstein, 1982; Reinhold et al., 
1984; Li and Delrot, 1987). Passive H+ transport is also, affected (Bisson and 
Gutknecht, 1975; Rubinstein, 1982; Lew, 1996) implying a multicomponent osmo-
regulatory system (Berrier et al., 1992). 
Acidification of the cytosol was also reported to activate W-ATPase (Nannen 
and Hutkins, 1991; Miwa et al., 1997; Amachi et al., 1998; O'Sullivan and Condon, 
1999). That is particularly important for restoration of otherwise depolarised PM 
potential (Bisson et al., 1995). The gradual decrease in net H+ influx within 20-30 
min of stress onset (Fig. 4-17) might be explained by such W-pump activation. 
Moreover, PM depolarisation by itself also increases the activity of H+ -ATPase 
(Sanders, 1988). The triggers that were found to regulate the H+-ATPase exert their 
effect within different time scales. The time scale for membrane depolarisation due 
to an osmotic shock was reported to reach the order of minutes (Slayman, 1992). By 
this time most internal solutes are extruded and over-regulation of transport 
processes with a return to equilibrium is required. Activation ofH+-ATPase fulfills 
this requirement by pumping H+ from the cell and thus stabilising the net W flux at 
the optimal value. Garrill et al. (1992) suggested the presence of an electrogenic 
proton pump in the thraustochytrids. The results reported here (Figs 4-17; 4-18) are 
consistent with this idea. 
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4.4.4 Transient Ca2+ kinetics 
At 200 mM NaCl in the medium thraustochytrid ACEM C had net Ca2+ flux 
close to zero. This is a common feature for all living organisms (Norris et al., 1996; 
Sanders and Bethke, 2000). The shift in medium osmolarity from 200 mM to near 0 
mM NaCl resulted in net Ca2+ influx of up to ~80 nmol m-2 s-1 followed by decrease 
to the original value in ~15 min (Fig. 4-19). 
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Fig. 4-19. Kinetics of net Ca2+ change to hypoosmotic shock. Adapted to 200 mM 
NaCl, the cells were shifted to ~O mM NaCL Open symbols represent the control 
experiment. Effect of200 µM LaCb pretreatment on hypoosmotically-induced 
transient Ca2+ flux is indicated by closed symbols. Error bars are SEM (n =8). 
A similar increase in cytosolic free calcium ion concentration in response to 
hypoosmotic shock was reported for a number of cells of different origin: in plant 
cells (Takahashi et al., 1997a,b; Cessna and Low, 2001), marine organisms 
(nematocytes and alga, respectively) (La Spada et al., 1999; Stento et al., 2000), 
yeast (Lichko et al., 1980; Eilam, 1982), and mammalian cells (Mongin et al., 1997; 
Lang et al., 1998). In certain cell types, extracellular Ca2+ was shown to be essential 
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for cell volume regulation (Wong et al., 1995, Cessna and Low, 2001). The nature of 
the observed elevation in cytosolic free Ca2+ is unclear, and both Ca2+ influx from the 
extracellular medium and Ca2+ release from internal organelles were suggested 
(Shepherd and Beilby, 1999; Cessna and Low, 2001). In this study, significant net 
Ca2+ influx (Fig. 4-19) supports the idea of Ca2+ entry into the hypoosmotically 
stressed cell from the external solution. 
However, due to Donnan exchange in the cell wall (Arif et al., 1995), the 
observed Ca2+ uptake might be a result of increased H+ uptake in response to 
hypoosmotic stress (Fig. 4-17). To eliminate the potentially confounding effect of the 
cell wall as a source of measured Ca2+ flux, lanthanum chloride, a known blocker of 
PM Ca2+ channels, was used. In contrast to the control experiment (Fig. 4-19; open 
symbols), presence of 200 µM LaCb in the medium resulted in the absence of 
calcium influx in response to hypoosmotic shock indicating that the observed Ca2+ 
influx was via the Ca2+ channels (Fig. 4-19; closed symbols). This is consistent with 
literature reports, when other Ca2+ channel blockers were used (Stento et al., 2000) 
The physiological role of the observed hypoosmotically-induced Ca2+ uptake 
might be at least three-fold. 
First, many ion channels are Ca2+-dependent. Shepherd and Beilby (1999) have 
shown the presence of Ca2+-activated er and K+ channels in the marine algae 
Lamprothamnium papulosum. Similar observations were made on other organisms. 
Omission of Ca2+ from the medium was reported to inhibit RVD in animal cells 
(Ikehara et al., 1992; Lang et al., 1998), suggesting an involvement of Ca2+-
dependent K+ channels in turgor regulation. 
Secondly, calcium is known to be a ubiquitous second messenger in living cells 
(see Chapter 1.2.5). The regulation of intracellular Ca2+ concentration by cell volume 
may interfere with signaling of Ca2+ -recruiting hormones, as shown in both animal 
and plant cells (Lang et al., 1998; Cessna and Low, 2001 ). Alterations in cytosolic 
free Ca2+ were suggested to be part of the signal transduction chain in osmotically-
stressed marine algae (Okazaki and Tazawa, 1990; Bisson et al., 1995; Stento et al., 
2000). 
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Finally, the observed Ca2+ influx might provide the charge balance. 
Compensatory ion fluxes are necessary for repolarisation of the PM after 
depolarisation. In fungi, two main compensatory ion fluxes were shown to be the 
uptake of potassium and the backflow of protons (Slayman, 1977). It was also 
suggested that electrogenic entry of Ca2+ in response to hypoosmotic shock might 
represent the involvement of the ion in charge balancing (Hunter and Segel, 1973; 
Eilam and Chernichovsky, 1987). 
4.4.5 Conclusion 
This work demonstrates the evidence for turgor regulation in thraustochytrid 
ACEM C in response to hypoosmotic shock. Major ions involved in osmotic 
adjustment were Na+ and er and, to some extent, K+. Significant net efflux of these 
ions was measured immediately after stress onset. Together these ions almost 
completely compensated the changes in osmotic potential of thraustochytrid ACEM 
C within 30 min of treatment being applied. Two other ions studied, Ca2+ and W, 
exhibited net influx in response to hypoosmotic shock. The Ca2+ influ~ occurred via 
calcium channels and suggests that it either plays a signalling role, or is used as a 
charge balancer. 
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4.5. Homeostasis of plasma membrane at low temperature: 
an overview 
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As mentioned above (Chapter 4.1 ), thraustochytrids have recently attracted 
special interest as a valuable source of polyunsaturated fatty acids (PUFA). The 
reason for the high level of PUF A in this protist is unknown. Low temperatures are 
known to have lipid-solidifying effects (Evans et al., 1998; Holler et al., 1998) and 
high levels of PUF A would ameliorate this effect. Thraustochytrids were first found 
in sediments in coastal waters of areas with temperate climate like the North Sea and 
the Norwegian Sea (Booth, 1971). Some of them were reported to withstand 
temperatures of-20 °C for 7 h (Booth, 1971). Thraustochytrids were also discovered 
in Antarctic fast ice close to the Weddell Sea (Riemann and Schaumann, 1993). 
Based on the above evidence, high PUF A levels might result from the evolution of 
thraustochytrids in low temperature environment that was conserved later. This is in 
accordance with a report by Dunstan et al. (1999) who observed an increase in PUF A 
and monounsaturated fatty acids (MUF A) production in antarctic marine species vis 
temperate and tropical marine species that contained more saturated fatty acids 
(SFA). Nichols et al. (1995) stated that the benefit of PUFA to cold adapted 
organisms derives from their fluidising effect and stabilisation of the lipid phase at 
low temperature. 
Even within their normal habitat, thraustochytrids more or less frequently 
experience periods of sub-optimal temperatures that might severely limit their 
growth. A large number of physiological processes affected by low temperature were 
shown to depend on temperature-induced changes in membrane structure and activity 
similar to those shown in plants (Nishida and Murata, 1996; Murata and Los, 1997), 
fungi (Stein, 1990; Dunstan et al., 1999), and bacteria (Russell, 1990; Nichols et al., 
1994; Nichols et al., 1997). It is not surprising, therefore, that temperature has an 
enormous effect on nutrient uptake and transport in all poikilothermic organisms. 
Consequently, alterations in membrane transport activity due to low temperature 
stress are an obvious starting point for investigations ofthraustochytrid ACEM C 
adaptive responses to temperature extremes. 
Chapter4 MIFE studies on thraustochytrid ACEM C 129 
Temperature variations are ubiquitous in nature (Thieringer et al., 1998). Due 
to direct effects of temperature on all metabolic process within the living cell, 
adaptations to temperature fluctuations are of paramount importance for all 
organisms. When the cell is faced with temperature extremes, numerous biochemical 
and physiological alterations occur. Among the most important changes in 
poikilotherms caused by cell exposure to low temperature are (i) changes of fatty 
acid (FA) composition in cellular membranes and (ii) changes in protein profile 
leading to biosynthesis of so-called cold-shock proteins ( CSPs ). 
4.5.1 Changes in fatty acid composition 
A change in the lipid composition of membranes is a universal response to low 
temperatures in poikilotherms. It is well documented that microorganisms adjust the 
fatty acids (FA) composition of their membrane phospholipids in response to 
changes in growth temperature (De Mendoza and Cronan, 1983; Nichols et al., 1994, 
1997; Russell et al., 1995; Thieringer et al., 1998). Fluidity of the lipid bilayer is 
crucial for normal cell functioning. As temperature is decreased, the FA chains of the 
membrane lipids undergo a lipid phase transition (change of state from a fluid, 
disordered state, to a more ordered gel state of the FA chains) (De Mendoza and 
Cronan, 1983; Russell, 1990; Berry and Foegeding, 1997). The temperature at which 
these changes occur is called the phase transition temperature (Burgstaller, 1997). 
There is a large number of mechanisms that can alter the membrane 
phospholipid composition in response to temperature change (for reviews see 
Russell, 1990; Berry and Foegeding, 1997). Many organisms have developed 
mechanisms to compensate for the transition from the liquid crystalline to gel phase 
by changing the degree of saturation of the hydrocarbon chains of membrane 
phospholipi~s (Nakayama et al., 1980; Russell et al., 1995; Nichols et al., 1994, 
1997; Evans et al., 1998; Holler et al., 1998). Phospholipids with unsaturated fatty 
acids have lower melting points and a greater degree of flexibility than phospholipids 
containing saturated fatty acids. For example, Jackson and Cronan (1978) showed 
that E. coli can grow normally with as much as 20% of its membrane lipids in the 
ordered state; the growth ceases if more than 55% of the lipids are ordered. In bacilli 
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a decrease in temperature resulted in increased synthesis of membrane bound 
desaturase, along with the increased stability of the enzyme (Aguilar et al., 1998). 
Null mutant strains were unable to synthesise unsaturated F As upon a shift to low 
growth temperatures indicating the significance of this enzyme. 
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Another change in lipid composition in response to reduced growth 
temperature is the shortening of its acyl chain length (Evans et al., 1998; Holler et al., 
1998). This lowers the melting temperature and, hence, helps to maintain membrane 
fluidity at the lower temperatures (Russell, 1989; Russell et al., 1995; Holler et al., 
1998). Also, the organism may exhibit a change in the ratio of phospholipids to 
proteins of their membrane as a response to cold shock as was shown for bacteria 
(Garbay and Lonvaud-Funel, 1996). 
An increase in the ratio of cis-form of F As is yet another of the characteristic 
changes in FA composition in response to chilling (Marr and Ingraham, 1962; 
Garwin and Cronan, 1980; Holler et al., 1998). Other FA changes at low temperatures 
include increases in branched-chain F As and the proportion of anteiso- F As 
(Mastronicolis et al., 1998; Klein et al., 1999; Edgcomb et al., 2000). 
Surprisingly, there is no apparent link between membrane lipid fluidity and 
minimum growth temperature in some microorganisms. For example; an E. coli may 
grow near its minimum growth temperature, having a fatty acid composition 
characteristic of a cell grown at 3 7 °C (Shaw and Ingraham, 1965). Direct 
measurements of membrane fluidity in psychrotrophic and mesophilic bacteria 
indicate that the lipid phase transition temperature of their membrane lipids can be 
lower than their minimum growth temperature (Lepock et al., 1990; Tsuchida et al., 
1995). 
The time course for thermal modulation of FA composition (e.g. increase in the 
ratio of unsaturated to saturated FA) was reported to be within 30 sec (Garwin and 
Cronan, 1980). These changes in membrane fatty-acid composition did not require 
new protein synthesis (Garwin and Cronan, 1980; Mastronicolis et al., 1998). In 
-
addition to the above FA alterations, some organisms may stabilise membrane 
structure by using low molecular weight protectants (amino acids, sugars, quaternary 
amines etc. (Storey and Storey, 1988; Franks et al., 1990; Ko et al., 1994). 
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4.5.2 Alterations in protein profile and associated changes in membrane-
transport activity 
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In bacterial cells, low temperature stress causes initial arrest in growth. Then 
fatty acid composition is altered, RNA synthesis is enhanced, and cell growth is 
resumed (Jeffreys et al., 1998). A specific pattern of gene expression occurs in 
response to chilling stress. This includes the induction of cold-shock proteins, 
continued synthesis of proteins involved in transcription and translation despite the 
lag period, and repression of heat-shock proteins (Jones et al., 1987; Jones and 
Inouye, 1994; Graumann et al., 1996; Kandror and Goldberg, 1997; Panoff et al., 
1997). Disturbance of membrane lipoprotein complexes was shown to be involved in 
the perception of temperature shock in yeast leading to the transcription of genes 
implicated in the thermal response (Carratu et al., 1996). 
The above changes in FA and protein composition are aimed to increase 
membrane fluidity, which is essential for maintaining the physiological functioning 
of biological membranes at lower temperatures (Leder, 1972; Murata and Wada, 
1995). One of the most important consequences of alterations in membrane lipid 
composition in microorganisms is the modulation of the activity of transport proteins 
involved in numerous functions such as electron transport, ion pumping and nutrient 
transport across various cellular membranes (Hochachka and Somero, 1984). It was 
demonstrated in Lactococcus lactis that membrane fluidity affected W-coupled 
leucine translocation (Zheng et al., 1988). The rate of carrier-mediated solute 
transport across the membrane is proportional to the diffusion constant of the protein 
in the membrane. This diffusion constant is inversely proportional to microviscosity 
(Veld et al., 1993). Temperature-controlled alteration of membrane fluidity is 
widespread, indicating that it does serve an important adaptive function and must 
offer some selective advantage. 
4.5.3 The plasma membrane as a primary target 
Cold shock is defined as irreversible damage expressed shortly after exposure 
to low temperatures. The primary target of it is thought to be the PM (Arav et al., 
1996). Evidence of membrane damage caused by cold stress is numerous and has 
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been demonstrated by using different experimental techniques such as measurements 
of electrolyte leakage, electron spin resonance and fluorescence depolarisation, 
changes in lipid composition, freeze-fracture electron microscopy, and X-ray 
diffraction (Lyons, 1973; DuPont, 1989; Sharom et al., 1994; Yoshida, 1994). It is 
now accepted that electrolyte leakage denotes irreversible cell damage and appears 
long after many other events in the cell membranes (Yoshida, 1991). Therefore, 
attention must be given to the primary mechanisms of ion transport across cell 
membranes. 
The most sensitive appear to be the Fr-transporting systems. Cold inactivation 
of Fr -transporting systems occurs much sooner than the appearance of injury to cells 
(Yoshida, 1991, 1994). The effect of temperature on H+ transporting systems seems 
to be complex, and involves different types of transporters, passive and active, as 
well as their different locations within the cell (Raison, 1979; DuPont and Mudd, 
1985; Kasamo et al., 2000; Prasad et al., 1994). Temperature is likely to have direct 
effects on the fluidity, viscosity, or phase-state of membrane lipids (Lyons, 1973; 
DuPont, 1989) and so will directly modify H+ transporter properties. Indirect effects 
on W transporters may also come from temperature responses of other systems in 
cell membranes. 
Despite a large number of studies having been conducted, temperature effects 
on ion uptake and transport across membranes appear contradictory. Bravo-F and 
Uribe (1981) have reported strong temperature dependence of uptake of potassium 
(Q10 = 9) and phosphate (Q10 = 4.3) by plant tissues (Q1o determines change of a 
chemical reaction's rate when an ambient temperature is changed by 10 degrees 
Celsius). At the same time, Petterson (1995) found that low (10 °c) temperature had 
no impact on uptake or transport of potassium, magnesium, nitrogen, and phosphate 
by plant roots. Even for the same element (K+ in particular), dependence of uptake 
rate on temperature was shown to be either linear (White et al., 1987), 
sigmoidal/exponential (Bravo-F and Uribe, 1981), or even hyperbolic (Carrey and 
Berry, 1978). Obviously, many factors including ionic composition of experimental 
solution, membrane composition, exposure temperature(s), duration of temperature 
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treatment, rate of temperature changes, genetic variability etc affect membrane 
transport processes, and therefore, contribute to this apparent controversy. 
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It is also unclear whether different ion transporters have different sensitivity to 
chilling temperatures. Wang et al. (1993) have reported that high (<l mM) and low 
(1-40 mM) affinity transport systems for NH4+ had very different Q1o (2.5-2.6 and 
1.5, respectively), in the temperature range of 5-10 °c. The break in the Arrhenius 
plots for N03- and N~ +uptake also occurred at two different critical temperatures, 
13.5 and 10 °c respectively (Clarkson et al., 1988). In bacteria and algae, the specific 
affinity for N03- was strongly dependent on temperature (Q10 = 3) and consistently 
decreased at temperatures below the optimum temperature. In contrast, the specific 
affinity for N~+ exhibited no clear temperature dependence (Reay et al., 1999). 
Engels and Marschner (1992) have found that phosphorous uptake is usually more 
depressed than uptake of other nutrients. Does it mean that different ion transporters 
have different sensitivity to chilling temperatures? Direct evidence for such a 
conclusion is lacking. This is considered in the next section. 
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4.6. Net ion flux kinetics in thraustochytrid ACEM C in response to 
chilling stress 
In this section, the MIFE technique was used to study adaptive responses of 
thraustochytrid ACEM C to low temperature stress. For these purposes, the recovery 
of net H+ and Na+ fluxes during warming after several hours oflow temperature 
treatment was monitored. H+ and Na+ ions were chosen for the study because of their 
importance in thraustochytrid physiology. H+ is known to be involved in PMF 
generation and energy transduction, while Na+ is an essential macro-element crucial 
for the growth of this organism. Measurements of net flux kinetics were used to 
establish critical temperatures associated with changes in ion fluxes studied. 
4.6.1 Experimental protocol 
Cells grown as described (see Chapter 2) were transferred to the experimental 
solution (see Appendix A) and left there for 2 h for adaptation at either 17 or 23 °C. 
Then cells were immobilised in a chamber as described in Section 2.2.2 at one of the 
selected ambient temperatures (either 17 or 23 °C). Flux measurements were 
performed for 5-10 min (control). Then the chamber containing immobilised 
thraustochytrid cells was transferred to a refrigerator ( + 4 °C). After 2 h of chilling 
treatment, cells were returned to ambient temperature, and flux measurements 
resumed immediately. The same cell was measured before and after the chilling 
treatment. 
Temperature increase in the experimental chamber was measured from 4 °C to 
its return to room temperatures using a miniature thermistor inserted into the 
chamber. The thermistor was connected to a MIFE channel that enabled the 
corresponding voltage to be recorded and stored with the flux data on disk. 
Systematic error of temperature measurements was less than 0.2 °C. A delay of ~2-3 
min between removal of the chamber from the refrigerator and the start of data 
acquisition occurred. This was the time required to transfer the measuring chamber 
with immobilised cells from the refrigerator to the microscope stage, fixing the 
chamber on a hydraulic manipulator, and adjusting the microscope focus and 
Chapter4 MIFE studies on thraustochytrid ACEM C 135 
electrodes position above the cell. As a result, flux measurements normally started 
when the temperature of the solution, and presumably that of the cell, had increased 
to about 6-7 °C. Measurements continued as the solution temperature gradually grew 
towards the ambient temperature. The measurements lasted for~ 40-50 min. This 
was sufficient for the bulk solution temperature to reach a steady-state level. The 
changes in solution temperature over time for two ambient temperatures used are 
shown in Fig. 4-20. 
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Fig. 4-20. Temperature changes of the bath solution for two ambient temperatures, 
17 and 23 °C, respectively. Typical examples for the two ambient temperatures 
used are shown (n=7). Data acquisition was every 5 sec. 
A calibration curve was constructed to enable temperature determination at any 
given time using voltage output data (Fig. 4-21). For that reason temperature and the 
corresponding voltage changes were recorded in a chamber using a digital multimeter 
and a miniature thermistor, respectively, inserted into the chamber. The calibration 
curve was used to establish the relationship between the net ion flux and temperature 
changes. 
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Fig. 4-21. Calibration curve. The chamber with measuring solution was kept at 4°C 
for 2 h followed by a return to room temperature. The temperature in the chamber 
was measured by a hermocouple and the corresponding voltage was recorded 
using the MIFE electrometer. The calibration curve is based on three individual 
experiments. Indicated SEM (n=3) are smaller than symbols. The calibration 
curve was used during the experiments for temperature change estimation in the 
chamber by recording the voltage with a miniature thermistor inserted into the 
chamber. 
The rate of temperature change (V1) was determined as the average rate of 
temperature increase during the first 10 min of measurements. The temperature rose 
at different rates for the two room temperatures used. Mean temperature rate was 
0.34 ± 0.02 °C min-1 forl7°C (n=lO) and 0.99 ± 0.02 °C min-1 for 23°C (n=l5). 
4.6.2 Temperature-induced ion flux kinetics 
Chilling treatment was found to significantly modify the magnitude of net 
fluxes of both measured ions. When a chamber with immobilized thraustochytrid 
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cells was returned to ambient temperature after two hours of exposure at low ( +4 °c) 
temperature, complex flux kinetics ofrecovery were measured (Fig. 4-22) and 
several apparent critical temperatures denoted as ACT1 were observed. 
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Fig. 4-22. Kinetics ofH+ and Na+ flux responses to post-chilling as a function of 
time. One (out of 7) typical example is shown. Ambient temperature was 23 °C. 
Net ion fluxes from the same cell before and after 2 h chilling are shown. Time 
scale is indicated by a bar. 
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Low temperature caused a significant shift towards net H+ and Na+ influx (Fig. 
4-22). Immediately after the chamber was transferred to room temperature, a 
dramatic influx of both ions was observed. As the cell temperature reached some 
threshold (ACT 1), changes in flux kinetics occurred. This resulted in a significant 
drop in net flux of both ions towards an efflux (Figs. 4-22, 4-23). 
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Fig. 4-23. Kinetics of net H+ flux recovery for two different ambient temperatures. 
Rates of temperature change were estimated for both ambient temperatures as an 
average for measured cells (see Figs. 4-24 and 4-25). Data are SEM (n=4). 
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When the cells reached another critical threshold (ACT2), the net efflux ofW 
and Na+ reached its extreme value and either stabilised, or slightly reversed (Fig. 4-
23B). 
Metabolic processes that contribute to the observed flux changes are not 
instantaneous and require time before the resultant changes in the activity of PM 
transporters become evident outside the cell (and measured with microelectrodes ). A 
strong dependence of ACT values on the ambient temperature used (and, 
consequently, rates of temperature change) was found. This is further illustrated jn 
Figure 4-23, where traces ofW flux recovery from thraustochytrid cells are shown 
for two ambient temperatures. 
It is obvious that the absolute values of ACT 2 showed a strong dependence on 
the rate of ambient temperature changes (Fig. 4-23). The slower the temperature 
recovery, the more accurate was the estimation of ACT values. 
To avoid misleading conclusions based on the dependence of ACT on the rate of 
temperature changes, the real critical temperature (RCT) was calculated. RCT is 
associated with the actual temperature when the recovery of PM transporters takes 
place. Shabala and Newman (1997a) showed mathematically that the RCT value may 
be determined as the intercept of the line of best fit for a graph where ACT values are 
plotted against the rate of temperature changes. Using this approach, a relationship 
between ACT 1 and the rate of temperature change (V1) was established for ACT 1 
(Fig. 4-24) and ACT2 and V1 for ACT2 (Fig. 4-25) for both Wand Na+. 
Remarkably, despite the variation between ACT1 values for H+ and Na+, the 
RCT1 values were very close for both ions measured (7.82 ± 0.21 °C; intercepts for 
the lines of best fit in Fig. 4-24). A similar trend was observed for RCT2 values for 
H+ and Na+ (Fig. 4-25) with an average value of 11.1 ± 0.22 °C. 
These data are consistent with the observations on plant tissue, where six 
different ions measured had the same RCT near 7 °c (Shabala and Shabala, 2001 ). 
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both ions measured (8 and 7.6 °c). 
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Fig. 4-25. Relationship between apparent critical temperature ACT 2 and the rate of 
temperature changes for W and Na+ fluxes. The RCT values were defined as 
indicated in Fig.4-24. They are 10.9 and 11.4 °C for Wand Na+, respectively. 
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To elucidate the ionic mechanisms involved in post-chilling recovery of net H+ 
fluxes measured from the thraustochytrid ACEM C cell, a series of experiments were 
conducted using orthovanadate, a specific inhibitor of P-type H+-ATPases were 
conducted. Pretreatment was performed for 15 min after adaptation of cells at room 
temperature prior to chilling at 4 °C. Preparation of the stock solution of 
orthovanadate is given in Appendix B. 
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Fig. 4-26. Net H+ flux responses to temperature changes. At the moment indicated by 
the arrow, cells were transferred from 4 °c to 23 °c. Recovery ofW-pump 
activity (resulting in increased net H+ efflux) is seen in control (open symbols) 
while in vanadate-treated cells (closed symbols) such recovery did not occur. The 
same cell was monitored before (0 to 5 min in a graph) and after 2 h chilling 
treatment (after 7th min in a graph). 
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Vanadate (1 mM) treatment resulted in an almost complete elimination of the 
rt response to post-chilling recovery, indicating the involvement of the H+ -ATPase 
in the observed kinetics of rt flux (Fig. 4-26). This supports the possible 
involvement of the H+-pump in mediation ofthraustochytrid ACEM C responses to 
chilling stress. 
4.6.3 Underlying mechanisms 
The ability of the cell to control membrane transport processes may be 
important in determining the temperature kinetics for a particular organism. 
Membrane permeability to ions was reported to be temperature dependent 
(Svobodova et al., 1995; Gruwel et al., 1998; Van de Vossenberg et al., 1995, 1999). 
The control of membrane permeability represents an important part of adaptation to 
high and low temperatures (Svobodova et al., 1995; Van de Vossenberg et al., 1995, 
1999). Van de Vossenberg et al. (1999) demonstrated that bacterial cells were able to 
maintain the proton permeability of the cytoplasmic membrane at a low value within 
the range of growth temperatures (16-50 °C). Membrane permeability to both proton 
and sodium was reported to increase with temperature and was comparable for the 
species of different optimum growth temperatures at their respective growth 
temperatures (Van de Vossenberg et al., 1995, 1999). 
Temperature dependent changes were also reported for the transport of a 
number of ions (Clarkson et al., 1988; Gruwel et al., 1998; Andjus et al., 1999; 
Stinner and Hartzler, 2000). Lowering temperature was shown to reduce proton and 
sodium transport (Clarkson et al., 1988; Dinno and Nagel, 1988; Morgunov and 
Hirsch, 1991). It is commonly found that diffusive efflux of ions increases in the cold 
(Wasserman et al., 1986; Clarkson et al., 1988). For example, sodium loss at 2 °C and 
the consequent influx at 37 °C was reported for animal cells (Wasserman et al., 
1986). 
The issue of whether ion transporters at the PM ofthraustochytrid ACEM C 
exhibit similar temperature dependence was the topic of this study. To my 
knowledge, no attempt to directly measure the flux kinetics of different ions in situ as 
a function of temperature has been undertaken in a unicellular organism. Using the 
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unique advantage of the MIFE technique, it was demonstrated that post-chilling 
recovery resulted in a dramatic influx of both proton and sodium ions followed by the 
efflux. Moreover, the absolute values ofRCT1 for thraustochytrid ACEM C were 
very similar to those found for W, K+, NILi +,Na+, Ca2+ and er in plant tissues 
(Shabala and Shabala, 2001; Fig. 4-26). 
Changes in lipid composition, carrier activity, and permeability have been 
shown to occur at the membrane level (Clarkson et al., 1988; Hallgren and Oquist, 
1990; Mustafa et al., 1999 and references therein). Lowering the tissue temperature 
may directly affect the structure and function of the PM transport enzymes (Hawley, 
1971; Mustafa et al., 1999) and porins (De et al., 1997). Recent work by De and 
coworkers (1997) suggests that a change in the structure and function ofporins could 
be responsible for the differential permeability of the membrane at different 
temperatures. These authors showed that the outer membrane permeability of the 
psychrotrophic bacterium Pseudomonas fluorescens is increased at the optimum 
growth temperature (28 QC) when compared to the low growth temperatures (8 QC). 
There is much evidence in the literature that cold inactivation of H+ 
transporting systems is among the most sensitive membrane-transport processes 
(Clarkson et al., 1988; Kennedy and Gonsalves, 1988; Kasamo et al., 2000). When 
the principal processes generating ATP temporarily collapsed under chilling 
conditions, the ATP-driven efflux ofH+ was shown to decrease (Clarkson et al., 
1988). That is expected to cause significant membrane depolarisation. Evidence for 
such a depolarisation in response to cold shock has been previously reported in the 
literature (Apte and Thomas, 1986; Clarkson et al., 1988; Lewis et al., 1997; Imada 
and Oosawa, 1999; Piotrowska et al., 2000). A subsequent shift in the values for the 
Nemst potential will enhance passive cation leakage from the cells, - a phenomenon 
observed by Shabala and Shabala (2001) in experiments with plants. The opening of 
voltage-dependent channels, highly selective for sodium ions, was shown to underlie 
the depolarization obtained in Xenopus oocytes (Charpentier, 1999). The opening of 
the oocyte sodium channels was reported to be modulated by the temperature of the 
bathing medium. Cells were reported to become leaky and membranes less fluid 
immediately after cold shock (Apte and Thomas, 1986; Barbaro et al., 1999). Vice 
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versa, post-chilling recovery might result in a reverse transport of ions, resulting in 
initial net H+ and Na+ influx as shown in the present study. The involvement of 
mechanosensitive stretch-activated channels in temperature response and ion 
transport regulation was suggested (Reifarth et al., 1999). The probabilities of these 
channels being open in oocytes of Xenopus laevis increased strongly when 
temperature was raised from 21to27 °C and the channels were shown to be cation 
non-selective. Temperature dependence ofmonovalent cation fluxes in isolated rat 
hearts using NMR was reported to correlate well with previously observed 
membrane phase transitions in these systems (Gruwel et al., 1998). 
Restoring membrane fluidity was reported to be accompanied by taking K+ into 
the cell (Barbaro et al., 1999). Potassium entry in response to warming the external 
solution was reported to occur instantaneously (Willis and Anderson, 1998). The 
time course for Na+ loss from animal cells after a shift from 3 7 to 2 °C was shown to 
consist of two components: a rapid efflux that was completed after 30 min, and a 
slow component that required at least 24 h for completion (Wasserman et al., 1986). 
Here a similar timeframe is reported for ion flux recovery (Fig. 4-22). 
For many years, phase transition in membrane lipids was believed to be central 
to chilling stress perception (see reviews by Nishida and Murata, 1996; Russell, 
1990). This phase transition was shown to occur within a wide range of temperatures 
(15 to 35 °C in bacteria) (Stein, 1990). However, more recent reports indicate that the 
phase transition temperature is kept below the growth temperature due to the changes 
in FA composition that distort membrane order (van de Vossenberg et al., 1999). For 
example, the phase transition temperature of membrane lipids in zebrafish 
(Brachydanio rerio) oocytes was shown to be 10 °C below the normal physiological 
range for this organism (Pearl and Arav, 2000). Thermotropic phase transitions were 
reported to be related to the temperature at which direct chilling injury affected the 
integrity of the membranes. Lipid phase transition, which was evaluated using 
Fourier transform infrared microscopy, occurred at the temperatures at which 
membrane integrity damage was maximal (Arav et al., 2000; Pearl and Arav, 2000). 
Specific mechanisms underlying the effects of membrane phase transition on 
activities of PM transporters remain to be elucidated. Several possibilities including 
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conformational changes of transport proteins (changing affinity), or indirect effect 
due to modification of the physical properties of the lipid environment, have been 
suggested (Clarkson et al., 1988). As most membrane transporters are coupled via 
membrane potential, conformational changes in one transport protein will most likely 
have a domino effect on the activity of the others. 
Experiments with vanadate suggest that H+-ATPase might be a primary 
"suspect" for such a role. This is in accord with the reports in the literature which 
suggest that active H+ transporters are among the most sensitive to temperature 
stress, as was shown for plants (DuPont, 1989; Yoshida, 1994; Yoshida et al., 1999) 
and yeast (Panaretou and Piper, 1992; Coote et al., 1994). Dectease in pHi was 
shown to stimulate ATPase activity (Kobayashi et al., 1986; Anand and Prasad, 
1989; Holyoak et al., 1996). Net W efflux, reported in the present study immediately 
after re-warming the chamber at room temperature (Figs. 4-22 and 4-23) is expected 
to be reversed in the chilling situation. Therefore, net W influx would take place in 
response to temperature decrease that is expected to result in cytosol acidification. 
That might lead to activation ofH+-ATPase and subsequent H+ extrusion. This 
scenario agrees with the observation of increased W efflux followed after W influx 
(Fig. 4-23). The cumulative evidence leads to the conclusion that membrane W-
ATPase is essential for thermoadaptation. 
Based on literature data discussed above, RCT1 determined (7.8 °C) might be 
attributed to the phase transition temperature in the plasma membrane of 
thraustochytrid ACEM C. At this temperature, significant changes in activity of PM 
transporters for different ions begin. As soon as the temperature returns to the 
optimal range required for the activity of cellular enzymes, the pumps and ion 
exchange systems operate at the optimal rate (Mustafa et al., 1999). Therefore, it 
might be suggested that the second critical point, ACT 2, when flux stabilization 
occurs, indicates the temperature required for complete recovery of the transporters 
after low temperature treatment. 
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4.6.4 Conclusion 
Application of the MIFE technique was extended to study membrane transport 
processes in post-chilling recovery. Strong relationship between temperature and the 
activity of the ion transport system was demonstrated. The post-chilling recovery 
was associated with a dramatic H+ and Na+ influx. The kinetics of both ions showed 
two apparent critical temperatures that have been used to estimate the corresponding 
RCT values. These were found to be similar for both ions and it was suggested that 
RCT1 (7.8 °C) maybe associated with the phase transition of the PM lipids of 
thraustochytrid ACEM C. The physical interpretation for the observed apparent 
critical temperatures is that at ACT1 Wand Na+ transporters are re-activated, while 
ACT 2 is associated with their complete recovery after chilling. Evidence for 
involvement of H+-ATPase in regulation of post-chilling recovery was demonstrated 
by experiments with vanadate. The practical significance of this work includes the 
ability to determine critical temperatures of ion transporters by estimation of RCT 1 in 
a one-step experiment, adding a new dimension to better understanding of 
thraustochytrid cell physiology. 
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Chapter 5 
APPLICATION OF THE MIFE TECHNIQUE TO STUDY 
MEMBRANE - TRANSPORT PROCESSES AT THE 
BACTERIAL POPULATION LEVEL 
Due to their small size, application of non-invasive microelectrode 
measurements on a single bacterial cell will be very difficult, if not impossible. To 
overcome the problem, the candidate developed a novel approach, where ion fluxes 
were measured from the surface of bacterial "monolayers" (a population of cells, 
immobilised on the supporting surface and forming a dense single-cell layer). The 
MIFE technique was applied to study specific features of membrane-transport 
processes in these monolayers, associated with bacterial growth and adaptive 
responses. The major focus was on three different types of bacteria: Escherichia coli, 
Listeria monocytogenes and Lactobacillus bulgaricus. 
L. monocytogenes and Lb. bulgaricus are Gram-positive bacteria that employ 
different strategies to adapt their metabolism to an acid environment. In this study, 
H+ flux kinetics from these organisms were studied in response to acid treatment. 
In another case study, L. monocytogenes was used as a model organism to 
explore the potential of MIFE to study the mode of action of nisin, an antimicrobial 
additive used to control Gram-positive bacteria including L. monocytogenes in the 
food industry. 
The association between membrane-transport activity and cell growth was 
studied using another food-borne bacterium, E. coli, as an example. The fluxes of 4 
ions (H+, Ca2+, K+, and NH/) were measured at different stages of cell growth as a 
function of substrate (glucose) availability. 
Finally, the feasibility and prospects of combining the MIFE technique with 
another method employed to study bacterial adaptive responses, specifically, 
fluorescence Ratio !maging Microscopy (FRIM) was investigated. Again, L. 
momocytogenes responses to acid stress were used as a case study. 
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5.1. Non-invasive microelectrode ion flux measurements on 
immobilised bacteria: a feasibility study 
148 
Before specific issues related to bacterial adaptive responses were addressed, a 
general study on feasibility of ion flux measurements from bacterial cells was 
conducted. Bacteria are diverse in structure, and it was considered possible that this 
diversity could impose limitations on the applicability of the MIFE technique. For 
example, the double membrane system in Gram-negative bacteria like E. coli might 
impose limitations on ion movement from the cell. The different thickness of the cell 
is another potentially confounding factor. It is known that it is more difficult to make 
and patch giant spheroplasts from Gram-positive, than from Gram-negative bacteria 
(B. Martinac, pers. comm.). 
Apart from a general feasibility study, enabling further research on specific 
aspects of bacterial physiology, the effect of the growth phase on bacterial 
membrane-transport activity was evaluated by comparing the net H+ flux measured at 
two distinct phases of growth (exponential and stationary). Several bacteria, differing 
in both cell wall structure (Gram-negative and-positive) and cell morphology, were 
used. 
5.1.1 Feasibility of MIFE flux measurements from different bacteria 
The specific characteristics and growth conditions of bacteria used in this study 
are given in Table 2-1. Culture preparation and cell immobilisation are described in 
Section 2.1.2 and 2.2.3, respectively. Microelectrode preparation, flux measurements 
and data analyses are described in Section 2.3. Experimental solution N2 (Appendix 
A) was used for flux measurements. Net H+ flux was measured from immobilised 
cells at two distinct phases of growth: exponential and stationary. The growth phase 
of bacterial populations was determined using a spectrophotometer as described in 
Section 2.1.2 and shown in Figure 2-1. Flux measurements were performed under 
static conditions: 4 to 7 sites were assessed from a gla~s-slide with immobilized 
bacteria. Measurements at each site lasted for 2-3 min followed by re-positioning of 
the microelectrodes to another site typically 100-200 µm apart. The average values of 
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net It fluxes for a number of bacteria in the exponential and stationary phases of 
growth are presented in Table 5-1. 
Table 5-1. Net It flux in the exponential and stationary phases of growth defined for 
different bacteria 
Exponential phase Stationary phase 
Species Net H+ flux SEM Net H+ flux, SEM 
1 -2 -1 nmo m s nmol m-2 s-1 
Escherichia coli M23 -9.29 0.57 -2.08 0.39 
Salmonella typhimurium -6.00 0.08 -1.8 0.43 
Klebsiella oxytoca -9.67 0.66 -3.26 0.12 
Enterobacter sp. -7.31 0.24 -4.37 0.13 
Staphylococcus aureus -13.92 0.79 -6.67 0.52 
Listeria monocytogenes Scott A -9.01 0.65 -2.67 0.08 
Bacillus cereus -0.23 0.07 0 0.04 
Cultures were prepared and immobilized on a cover slip as described in Sections 
2.1.2 and 2.2.3. Experimental medium for bacteria N2 (Appendix A) with the 
addition of 10 mM of glucose was used. SEM is standard error of 2-4 experiments 
with measurements from N=4-7 bacterial sites in an individual experiment. 
Significant (P < 0.01) differences in net H+ fluxes between exponential and 
stationary stages of growth were observed for all bacteria studied (Table 5-1 ). This 
may be caused by a decreasing metabolic activity of stationary-phase cells (i.e. 
cessation of growth). Increased acid tolerance in stationary-phase populations was 
shown to correlate with a decrease in permeability of the cell envelope to protons 
(Jordan et al., 1999a). This implies that both efflux and influx of protons are reduced 
resulting in a decrease in the net It flux value. 
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The magnitude of net H+ flux of several bacteria belonging to the 
Enterobacteriaceae (viz: Escherichia coli, Salmonella typhimurium, Klebsiella 
oxytoca, Enterobacter sp.) was similar for each growth phases studied, respectively. 
The magnitude of net W flux of a Gram-positive bacterium L. monocytogenes 
was similar to one of the Enterobacteriaceae family (difference not significant). 
Differences might be observed under stress conditions if the strategy of survival is 
different. This could be the subject for future studies while the aim of the present 
work was to establish the method and demonstrate its applicability to different 
bacteria. 
Staphylococcus aureus, another Gram-positive bacterium, demonstrated a 
higher level of proton extrusion then any other bacterium studied in both growth 
phases with P<0.01 (Table 5-1). 
In contrast, the net H+ flux of Bacillus cereus was close to zero for both the 
exponential and stationary-phase cells (Table 5-1 ). Bacillus cereus is known for its 
feature to form endospores, and a consequent resistance to many adverse conditions. 
The small net H+ flux might be the result of a balanced state of this bacterium. 
5.1.2 Effect of growth phase on flux magnitude 
A significant body of information supports the notion that the ability of 
bacterial cells to survive a number of stresses depends on growth phase. It is 
generally accepted that stationary-phase cultures acquire natural resistance to a 
variety of environmental stresses. Growth-phase-dependent acid, heat, and salt 
tolerance of E. coli and S. typhimurium requires the stress-specific sigma factor RpoS 
for full induction (Cheville et al., 1996). RpoS is a regulatory factor that is necessary 
for the transcriptional activation of a large number of genes required for tolerance to 
environmental stress (reviewed by Lowen and Hengge-Aronis, 1994). A similar 
general stress transcription factor, called sigma B, was found in the Gram-positive 
bacteria B. subtilis, L. monocytogenes, and S. aureus (Becker et al., 1998; Wiedmann 
et al., 1998). 
Stationary-phase E. coli have higher levels of acid tolerance compared to their 
exponential-phase counterparts (Arnold and Kasper, 1995; Benjamin and Datta, 
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1995; Jordan et al., 1999b). Similar patterns have been reported for S. typhimurium 
(Rowbury, 1995) andL. monocytogenes (Davis et al., 1996; O'Driscoll et al., 1996). 
E. coli cells are also known to increase the cyclopropane fatty acids (CPFA) 
content of their membranes upon entry into the stationary phase (Cronan, 1968). A 
similar increase in cF A was demonstrated in acid-adapted E. coli cells that was 
correlated with better survival following an acidic shock (Brown et al., 1997) as was 
a change in the lipid composition of a Gram-positive bacterium Closiridium 
acetobutylicum grown at an acidic pH (LePage et al., 1987). Changes in the lipid 
composition of membranes have been suggested to affect proton conductance 
reducing the leakage of protons across the membrane when the external proton 
concentration is high (Jordan et al., 1999a). 
5.1.3 Conclusion 
The feasibility of net W flux measurements for both Gram-negative and Gram-
positive bacteria was demonstrated. This opens the possibility to study membrane-
transport processes, associated with bacterial growth and adaptive responses, in a 
variety of food-borne microorganisms. Significant differences were found in the 
magnitude of net H+ fluxes for bacteria in the exponential and stationary phase of 
growth. As bacterial cells progressed from the exponential to stationary stage of their 
growth, a significant decrease in net H+ efflux through the plasma membrane was 
measured. 
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5.2. Ion flux kinetics associated with bacterial growth: 
a case study using E. coli 
152 
In this study, several issues relevant to growth and nutritional status of E. coli 
were addressed. As ion-flux measuring technique is novel to food microbiology, net 
ion flux measurements were compared with traditional concentration measurements 
in batch cultures at analogous stages of the population growth cycle and with 
different concentrations of glucose. Four major ions (H+, K+, NH4+, and Ca2+), 
important in bacterial cell homeostasis, were studied. 
5.2.1 Bacterial strain and culture conditions 
E. coli SB 1 cultures for experiments were grown and prepared as described in 
Section 2.1.2 and Table 2-1. Cultures were harvested at the exponential phase of 
growth (OD540=0.3 A), late exponential (ODs4o=0.8 A), and stationary phases 
(culture grown for 16 h, OD540=1.4 A), washed and suspended in bacterial 
experimental solution Nl (Appendix A), and kept on ice for up to 2 h until use. The 
concentration of glucose varied from 0.1 % (w/v) ("high") to 0.05% (w/v) 
("intermediate"), and 0.01 % (w/v) ("low"), depending on the design of the 
experiment. Cell immobilisation on a cover-slip and following flux measurements 
are described in details in Sections 2.2.3 and 2.3. 
In some experiments, carbonyl cyanide-m-chlorophenyl hydrazone (CCCP) (C 
2759, Sigma Chemical Co.) was included in the medium (concentration range 10-200 
µM). Preparation of stock CCCP is described in Appendix B. 
5.2.2. Concentration changes vs ion flux measurements 
A series of experiments was undertaken to elucidate a possible association 
between ion flux kinetics and the phase of population growth cycle in liquid culture. 
Aliquots (:==3 m.L) of the culture were aseptically transferred from a 125 mL flask 
containing 30 mL of the culture into sterile vials at 15 min intervals, and 
concentrations of four ions (H+, K+, Ca2+, and NH/) were measured for 3-4 min with 
the same microelectrodes used for flux measurements. In a parallel experiment, 
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growth parameters of E. coli batch cultures were estimated by measuring absorbance 
at A.=540 nm using a spectrophotometer. 
Under the experimental conditions, the bacteria possessed classical biphasic 
growth patterns (Fig. 5-1 ), reaching the stationary phase in 2 to 6 h (depending on 
glucose concentration in the media) after inoculation. 
High correlations (R> 0.9) of the growth patterns were found with changes in 
both the glucose uptake into the cell (Fig. 5-1 D) and with pH and Ca2+ changes in 
the media (Figs. 5-1 B, C). No lag phase was observed for any of the measured 
parameters. Both the growth_patterns and associated concentration changes were 
dependent on glucose availability in the external medium. 
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Fig. 5-1. Changes in OD (A), medium pH (B), Ca2+ (C) and glucose (D) 
concentrations in the batch culture of E.coli SBl grown in modified minimal 
medium containing 0.05% (w/v) of glucose. Cultures were incubated in a water 
bath at 30° C with ~haking at 60 rpm. Flasks were taken from the water bath for 
measurements at the indicated time. Each point represents the average value of 8 
flasks from inoculation time up to 5 hours after reaching the stationary phase 
(indicated as Tst in the figure). Error bars are SEM (n=8). 
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Figure 5-2 illustrates differences in pH kinetics at three different levels of 
glucose in the batch culture. Quantitative information on the timing for onset of the 
stationary phase (T st) as well as the magnitude of observed changes, are given in 
Figure 5-3. 
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Fig. 5-2. Kinetics of external pH changes in the batch culture of E.coli SBl grown at 
low (0.01 %), medium (0.05%) and high (0.1 %) glucose levels. Error bars are 
SEM (n=8). 
Dependence of E.coli growth kinetics on glucose availability has been reported 
elsewhere. In aerobic conditions, such growth is usually accompanied by a fall in 
pH0 while pHi is believed to remain constant (Russell and Rosenberg, 1979; Kashket, 
1981; Booth and Kroll, 1983). 
Chapter 5 MI FE application to bacteri al cells 156 
8 A 
.r:::. 
...,:. 
6 Fig. 5-3. A - Effect of glucose (.J 
I-
-Q) content on the time to onset 
E 4 
:;::; of the stationary phase 
ctl () 2 (determined as critical time, :;::; 
'i: 
u Ts1). 
0 
OD pH Ca2+ B - the magnitude of 
observed changes (% of 
~ 100 initial value) at T51. Error bars 
tJ) 
80 B are SEM (n=8). Q) 
C> 
c: 60 ctl 
.r:::. 40 () Dark bars - high glucose; 
-0 20 
Q) dashed bars - medium 
"O 0 er= = glucose; c: -20 C> ctl open bars - low glucose. ~ -40 
OD pH Ca 2+ 
Also, most reported data describe the resultant pH changes at the exponential phase 
of growth, while a reversal of pH kinetics as the cells reach the stationary phase (Figs. 5-
l B, 5-2) is described here . Several different mechanisms could be involved. 
First, it could be a result of the changing transport activity at the plasma 
membrane of E. coli cells. In aerobically growing E. coli, H+ ions are expelled by the 
respiratory chain (Harold and Maloney, 1996). Therefore, the acidification could be 
the consequence of increased respiratory activity of the E. coli population at the 
exponential stage of their growth (as a result of increased number of cells). Also, E. 
coli maintains a cytoplasmic pH of 7 .5 to 7 .8 over a wide range of external pH values 
(Padan and Schuldiner, 1987; Booth, 1999). One of the major sources of cytoplasmic 
pH perturbation are the essential metabolic processes associated with growth and 
metabolism (Booth, 1985). Apart from internal buffering, pHi homeostasis may be 
maintained by controlled movement of cations across the plasma membrane. In 
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particular, K+ transport is believed to play a major role in pH homeostasis in E. coli 
and other bacteria living at neutral pH (Booth, 1999). Other co-transport systems 
may also be involved (Na+/H+ and H+/P1 ; Russell and Rosenberg, 1979). 
Another reason for acidification of the medium could be the formation of 
acidic by-products by growing cells. Under aerobic conditions, glucose is transported 
into E. coli cells by the phosphotransferase system (PTS). As the result of growth on 
excess glucose, acetate and lactate are formed and exported (Luli and Strohl, 1990) 
and, therefore, may contribute to the decline in pH0 • The observed acidification of 
the batch culture during the late exponential phase of growth (Fig. 5-lB) is consistent 
with literature reports (Kashket, 1981; Booth and Kroll, 1983; Luli and Strohl, 1990). 
When cells reached the stationary phase (Tst), a gradual alkalinization of the 
media was observed (Fig. 5-lB). This might also have several causes. First, part of 
the glucose converted into acetate and released into the medium might be reabsorbed 
and metabolized (Neijssel et al., 1996), causing the pH0 to rise. Cell lysis during the 
stationary phase is another possibility. NH3 diffusion out of the cell can also 
contribute to the alkalinization process (Buurman et al., 1991). Finally, H+ might be 
removed from the external medium in co-transport with some other inorganic ions. 
The biphasic changes in Ca2+ concentration in the external medium (Fig. 5-lC) 
are an artifact of the changing pH, as discussed below. 
5.2.3. Effect of CCCP on growth parameters 
To elucidate the mech::nisms of pH changes associated with E.coli growth, a 
known metabolic inhibitor of H+ transport was used. CCCP in µM concentrations 
~trongly affects H+ transport across the PM acting as a protonophore and dissipating 
the PMF. Figure 5-4 demonstrates that addition of CCCP to the medium strongly 
affected growth parameters of E. coli SB 1. 
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Fig. 5-4. Effect ofprotonophore CCCP on changes in log OD of the medium containing 
high concentration of glucose. Different concentrations of CCCP were added to flasks 
containing 0.1%glucose15 min prior to inoculation. Flasks were incubated at 30 °c 
with shaking. Symbols: e -control; 0 - 10 µmol r 1 CCCP; D - 20 µmol r 1 CCCP; 
~ - 50 µmol r 1 CCCP; 0- 80 µmol r 1 CCCP. Zones divide the growth curve into stages 
according to sensitivity to CCCP (shown for 10 µmol r 1 CCCP). 
Dose-response studies (Fig. 5-4) revealed that E.coli SBl growth was completely 
arrested at CCCP concentrations of 80 µMand above. For concentrations below 80 µM, 
E. coli SB 1 grew, however with significantly altered growth characteristics. Three stages 
in E. coli growth were evident in response to CCCP treatment below 80 µM (see for 
example 10 µM CCCP treatment in Fig. 5-4). 
During the first stage (S 1 ), a small difference in growth between the control 
and treated cells was noted. The duration ofthis stage was 0.35 to 1.6 hand showed 
a very strong negative correlation with CCCP concentration used (Fig. 5-4) as well 
as positive correlation with glucose concentration in the medium (data not shown). 
The second stage (S2) of bacterial growth, lasted for 5 to 11 hand was characterized 
by a significant increase in generation time and induced lag time. The magnitude of 
this increase was also directly dependent on CCCP concentration used. In the last 
stage (S3), both the control and treated cells reached almost the same OD, but at very 
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different times, also showing very strong concentration dependence. Similar patterns 
were observed for the middle- and low- glucose levels (data not shown). 
In full agreement with the findings above (Fig. 5-4), the kinetics of pH changes 
correlated strongly with growth kinetics in experiments with CCCP. No 
characteristic biphasic pH changes were evident for variants treated with CCCP in 
concentrations of 80 µM and above (Fig. 5-5) implying a possible association 
between PM H+ transport processes (affected by CCCP), and E. coli growth. 
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Fig. 5-5. pH changes associated with E.coli SBl growth in control (closed symbols) 
and after 80 µM CCCP pretreatment (open symbols). Two replicates are shown. 
Diez-Gonzalez and Russell (1997) reported that low concentrations of CCCP 
stimulated glucose consumption by E. coli cells, but higher concentrations were 
inhibitory. This is consistent with the above findings. The significance of glucose 
availability is supported by the fact that growth rates, viability, and protein 
concentrations of E. coli were not affected by the addition of 100 µM CCCP if 
bacteria were grown in the absence of glucose (Nagata, 1995). High efficiency of 
CCCP lethality for E. coli cells in the presence of glucose was attributed to the acidic 
pH of the culture due to metabolites from glucose, mainly lactic acid. The results are 
also consistent with those of Kinoshita et al. (1984) who showed that bacterial growth 
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was stopped immediately after a shift in the medium pH from 7.4 to 6.2 in the 
presence of 50 µM CCCP. When pH0 is not significantly different from pH1 values 
(stage Sl in the experiments), the effects of CCCP are also insignificant, and bacterial 
growth is slightly, or not at all affected (depending on CCCP concentration) (Fig. 5-
4). As cell growth progresses, the metabolism of glucose by bacterial cells result in 
acidification of the external medium, and thus active H+ extrusion becomes more 
critical (stage S2 in Fig. 5-4). Under these conditions, dissipation of the PMF by 
CCCP becomes a serious problem. The more CCCP is originally present, the higher 
the pH at which growth inhibition occurs. At CCCP concentrations above 80 µM, 
bacterial cells can not maintain pH1 homeostasis, and the cell growth is arrested. 
However, the CCCP data must be interpreted with caution. It is unclear if 
membrane-transport processes are the only ones affected. If cell growth inhibition 
was among the primary targets, then non-growing cells consume much less glucose 
and, therefore, produce much less acetate and lactate. This could explain the lack of 
pH changes in CCCP-treated variants (Figs. 5-4, 5-5) assuming that acid production 
is responsible for acidification of the external medium. It is obvious that an 
unambiguous explanation of the involvement of membrane-transport systems in 
regulation of pH kinetics will come only from direct measurements of the net H+ -
fluxes across the bacterial membrane. 
5.2.4. Net fluxes at immobilised bacterial monolayers. 
Kinetics of net H+ fluxes associated with bacterial growth 
Concentration measurements alone do not allow unambiguous interpretation of 
these results. Several mechanisms, including changes in respiratory activity (Harold 
and Maloney, 1996), membrane-transport processes at the plasma membrane (Padan 
and Schuldiner, 1987; Benjamin and Datta, 1995; Booth, 1999), formation of acid 
by-products (Luli and Strohl, 1990; Neijssel et al., 1996), cell lysis (Buurman et al., 
1991) and others might be involved. However, when net H+ fluxes were measured, a 
progressive increase in the net W extrusion peaking at -150 nmol m-2s-1 for OD540= 
0.3A was found followed by a gradual return to zero net flux at late stationary phase 
(Fig. 5-6). 
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Fig. 5-6. Kinetics of pH changes for the E. coli SB 1 cells in batch culture (open 
symbols) and associated net It fluxes (bars) measured from the surface of 
immobilised cells prepared from confluent batch culture. Note the logarithmic 
scale for H+ fluxes. Error bars are SEM (n=6). 
There is close association between net It flux changes and acidification of the 
medium (Fig. 5-6), with the magnitude of the net H+ flux leading the resultant pH 
changes. This offers strong evidence that the observed acidification of the external 
media during exponential growth of E. coli originates mainly from net H+ movement 
across the bacterial membrane. It appears that membrane-transport processes are 
major contributors during the exponential stage of growth. This conclusion was 
further supported by experiments with manipulation of substrate (glucose) 
concentration, where a strong dependence of net H+ fluxes on external glucose 
concentration wa~ found, and by experiments with CCCP (see above; Fig. 5-4, 5-5), 
a known protonophore dissipating the PMF across the PM. 
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5.2.5. Net ion fluxes at steady-state conditions 
Fluxes of other ions also exhibited consistent changes associated with 
population growth. Figure 5-7 shows average flux values measured for H+, K+, NH4 +, 
and Ca2+ for middle exponential (OD540=0.3 A), late exponential (OD540=0.8 A), and 
stationary phase ( 16 h old culture) of development. 
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Fig. 5-7. Net fluxes ofH+, K+, NH/, and Ca2+ measured from immobilised bacterial 
cells prepared from middle exponential (Exp), late exponential (L-exp ), and 
stationary (Stat) phases of culture development. Experimental solution N2 
(Appendix A) was used to reduce the noise during flux measurements. Data are 
mean ± SE (n = 10, 8, 6, and 11 , respectively). 
Fluxes of K+ and NH4 + displayed regular changes and showed strong 
dependence on glucose availability (Fig. 5-7). This is consistent with the essential 
roles of these ions in maintaining the homeostasis in E. coli cells (Neijssel et al., 
1996). Note that the scale of the Ca2+ flux response is 1-2 orders of magnitude less 
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than other ions measured, and is of the same order as the background noise level. 
That indicates the absence of significant variation in net Ca2+ flux at different stages 
of bacterial growth. 
5.2.6. Changes in Ca2+ concentrations 
Unlike H+, K+, and NILi +,it was found that there were no significant net Ca2+ 
transport across the bacterial membrane (Fig. 5-8). Concentration measurements in 
batch cultures, however, showed complex biphasic kinetics (Fig. 5-1 C), highly 
correlated (R=0.96) with population growth (Fig. 5-IA). 
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Fig. 5-8. Net Ca2+ fluxes from immobilised cells associated with different stages of 
growth of E. coli SB 1 batch culture. Experimental solution NI containing high 
(0.1 %) glucose concentration was used. Error bars are SEM (n=5-8). 
To explain the biphasic changes in the external Ca2+ concentrations in the 
medium (Fig. 5-1), it was hypothesized that such changes originate from Ca2+ 
binding to phosphate, known to be a pH-dependent process. Changes in the 
concentration of free Ca2+ in the cell-free medium were measured at different pH 
values (Fig. 5-9A). Figure 5-9B shows the striking similarity in the measured 
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changes in Ca2+ concentration and those changes calculated from observations in 
cell-free medium due to pH-dependent binding with phosphate. Therefore, it is 
suggested that biphasic Ca2+ concentration changes are merely a reflection of the 
changes in Ca2+ binding to phosphate due to modulation of the external pH in the 
batch culture. 
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164 
B - measured changes in Ca2+ concentration (open symbols) in batch cultures 
compared with changes calculated from curve A (closed symbols) assuming pH 
changes as shown in Fig. 5-lB. 
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These examples illustrate advantages of net ion flux measurements over simple 
concentration measurements with ion-selective electrodes. 
5.2. 7. Conclusion 
Non-invasive ion flux measurements, taken at different stages of bacterial 
growth, provided a less ambiguous interpretation of concentration changes in a 
culture medium. Regular changes in net H+ fluxes, supported by pharmacological 
studies, showed that activity of PM H+ transporters is a major contributor to the 
observed pH changes. The absence of significant variation in net Ca2+ flux at 
different stages of bacterial growth suggested that the biphasic Ca2+ kinetics, 
observed in culture media, originate merely from pH-dependent calcium-to-
phosphate binding. Flux measurements were shown to avoid misleading 
interpretations of calcium concentration changes. 
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5.3. Ion flux kinetics associated with bacterial responses to acid 
stress: a comparative study using L. monocytogenes and 
Lb. delbrueckii subsp. bulgaricus 
166 
From a pragmatic point of view, acid stress responses and adaptation of 
bacterial organisms to low pH are of high importance for food microbiologists. 
Organic acids and their derivatives are widely used in the food industry as food 
preservatives. Examples include acetic, propionic, and lactic acids. In this section, 
some aspects of bacterial responses to acid stress were examined by application of 
the MIFE technique to Listeria monocytogenes and Lactobacillus delbrueckii subsp. 
bulgaricus. 
The acquired acid tolerance of L. monocytogenes and Lb. bulgaricus can have 
important implications for their survival in environments and food products and for 
bacterial colonisation in the human gut. Bacteria have a variety of genetic 
mechanisms that respond to changes in environmental pH (Hall et al., 1995), but the 
physiology of pH adaptation is still poorly understood. Bacteria can be divided into 
three groups with respect to the preferential growth pH, namely: acidophiles, 
neutrophiles, and alkalophiles. Both bacteria studied grow fastest at neutral pH, 
while the minimum pH that permits growth differs. Both the literature (Farber et al., 
1989) and data presented in this thesis suggest that L. monocytogenes is able to 
maintain growth at pH levels as low as 4.3-4.4. Below these values L. 
monocytogenes was only able to survive. The corresponding value for lactobacilli, 
fermentative bacteria, was reported to be as low as pH0 3.5 (Kashket, 1987; 
McDonald et al., 1990). Bender et al. (1986) reported that Lactobacillus casei was 
even more resistant to environmental acidification with gross membrane damage 
being evident only below pH0 3.0. The strategies of survival at low pH of these two 
organisms are different. Understanding the mechanism(s) of adaptation and survival 
is important for the food industry in order to develop methods for control of growth 
and inactivation of undesired bacteria or to enhance the growth and survival of 
beneficial organisms. 
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5.3.1 Experimental design 
The MIFE technique was used for a comparative study of kinetics of L. 
monocytogenes and Lb. bulgaricus responses to acidic treatment. Net H+ flux was 
measured from immobilised bacteria at normal conditions (pH0 7.0 or 6.0) and after a 
shift to lower pH0 • The effects of glucose availability on the ability of bacterial cells 
to respond to low pH treatment were also evaluated. Two glucose concentrations (0 
and 10 mM) were used throughout the study with bacteria in the stationary phase of 
growth (see Fig. 2-1 ). Growth conditions for both bacteria are indicated in Table 2-1. 
Cultures were prepared and immobilised as described ill Chapters 2.1.2 and 2.2.3. 
Net H+ flux was measured and data analysed as stated in Chapter 2.3. Experimental 
solution N2 (Appendix A) was used for flux measurements. Acidic treatment was 
performed by a change of experimental solution (pH 6 or 7) in a measuring chamber 
for a new one at pH 4 using a peristaltic pump (flow rate up to 6 mL min-1). The 
kinetics of H+ flux were monitored for 10-15 min before the solution change and up 
to 60 min after a change of solution. The glucose concentration of the experimental 
solutions is indicated in figure legends. Introduction of glucose into the measuring 
chamber with immobilised cells was achieved by a change of an experimental 
solution for a new one in a way similar to that described above. 
Pharmacological studies were performed using lmM DCCD. Details on DCCD 
stock solution preparation is given in Appendix B. 
5.3.2 Response to acidic treatment in the presence of glucose 
The kinetics of the response of L. monocytogenes Scott A to lowered pH0 in 
the presence of 10 mM of glucose in the medium is shown in Figure 5-10. A shift 
from pH0 7.0 to pH0 4.0 resulted in increased H+ extrusion from about zero to -20 
nmol m-2 s-1. 
L. monocytogenes, like other neutrophilic bacteria seeks to maintain a 
relatively constant pH1• As pH0 decreases, the pH gradient (~pH, the difference 
between pH1 and pH0 ) increases. Ita and Hutkins (1991) reported ~pH of 0.5 to 0.7 
pH units over a pH range of 5.0 to 6.0 for L. monocytogenes. The pH1 was 
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maintained above 7.0 in the range ofpH0 4.0 to 7.0 in the present experimental 
conditions (Fig. 5-18; and also by Siegurnfeldt et al., 1999; Budde and Jakobsen, 
2000). However, at some critical pH0 the bacteria are not able to maintain constant 
pH1, the ~pH collapses and bacteria start to die. Christensen and Hutkins (1992) 
reported that Listeria cells remained viable as long as a ~pH could be maintained. 
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Fig. 5-10. Kinetics of L. monocytogenes' responses to lowered pH0 in the presence 
of 10 rnM of glucose. Experimental medium used was N2 (Appendix A). Error 
bars are SEM (n=2). 
In contrast to L. monocytogenes, Lb. bulgaricus response to acid stress in the 
presence of 10 mM of glucose in the medium resulted in a significant decrease in net 
H+ extrusion from -38 nrnol m-2 s-1 to -20 nrnol m-2 s-1 (a decrease in net W efflux is 
interpreted as an increased H+ influx) (Fig. 5-11). 
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Siegumfeldt et al. (1999) demonstrated the different magnitude ofpH1 changes 
in L. innocua and Lb. bulgaricus in response to a pl-I0 shift from 7.0 to 5.0. The 
reported pH1 decrease was 1.5 pH units for Lb. bulgaricus compared with only 0.8 
pH for L. innocua. This indicates different strategies of coping with acid stress in 
these two bacteria. It was also shown that in growing cultures of fermentative LAB, 
pH1 decreases as a function of pH0 , and ~pH (difference between pH1 and pH0 ) never 
exceeds 1.0 (Kashket, 1987; McDonald et al., 1990; Cook and Russell, 1994; Russell 
and Diez-Gonzalez, 1998). The proton translocating H+-ATPase enzyme complex 
was claimed to play an important role in pH homeostasis in fermentative LAB 
(Kobayashi et al., 1986; Bender et al., 1986; Bender and Marquis, 1987; O'Sullivan 
and Condon, 1999). H+-ATPase activity was shown to increase with a decrease in 
pH0 (Kobayashi et al., 1984; Kobayashi et al., 1986; Nannen and Hutkins, 1991; 
O'Sullivan and Condon, 1999). Nannen and Hutkins (1991) demonstrated that 
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optimal H+-ATPase activity of Lacobacillus casei occurred at pH0 5.0 and the H+-
A TPase activity was greatest when the pHi was less than the optimum for the 
enzyme. Moreover, the aciduric lactic acid bacterium, Lacobacillus casei, was shown 
to have higher basal levels of ATPase than the less acid tolerant streptococci and 
lactococci (Nannen and Hutkins, 1991). Together with the fact that lactobacilli grow 
at lower pH0 than other LAB (Kandler and Weiss, 1984; Mundt, 1984), these reports 
suggest that H+-ATPase may be involved in regulation of pH homeostasis of 
lactobacilli. 
Detailed discussion of the mechanisms underlying the acid-stress response in 
L. monocytogenes is given in section 5.5. 
5.3.3 Pharmacological studies 
Pharmacological studies were carried out to further elucidate the ionic 
mechanisms of bacterial responses to acid stress and to investigate the possible 
involvement of H+-ATPase in the observed response to lowering the pH0 in Lb. 
bulgaricus. The addition of lmM DCCD, a specific inhibitor of FOFl ATPase, 
resulted in a transient net H+ influx followed by stabilisation around zero (Fig. 5-12). 
Kobayashi et al. (1986) reported that inhibition ofW-ATPase in LAB resulted 
in a marked decrease in pH, thus indicating proton entry into the cells. Bender et al. 
(1986) also demonstrated that DCCD noticeably increased the permeability of 
Lactobacillus casei and other LAB to protons. Experiments with mutant strains of 
LAB with reduced membrane-bound ATPase activity support the hypothesis of the 
essential role of the enzyme in these organisms surviving low pH (Yokota et al., 
1995; Amachi et al., 1998; Takahashi and Yamada, 1999). It was reported that 
DCCD inhibited the synthesis of ATP in Lactobacillus by 70% (Cotter et al., 2000). 
Keeping in mind that the level ofH+-ATPase activity depends on the amount of the 
cellular ATP (O'Sullivan and Condon, 1999), data presented here offers strong 
evidence for the involvement ofW-ATPase in the W flux regulation of Lb. 
bulgaricus after acidic treatment. 
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Fig. 5-12. Effect of 1 mM DCCD on response of Lb. bulgaricus to acid treatment. 
Cells were adapted to pH 6 in the presence of 10 mM of glucose. Acid treatment 
was performed by a change of the medium to or~e of the same composition at pH 
4. The same cells were monitored throughout the experiment. The experiment was 
performed in duplicate. Data was taken every 0.1 min and is shown as 1 min 
average. Error bars are SEM (n=2). 
5.3.4 Response to acidic treatment in the absence of glucose 
The activity ofW-ATPase is strongly dependent on cell energetic status. 
Therefore, glucose availability might significantly affect the responses of L. 
monocytogenes and Lb. bulgaricus to acid stress. The effect of glucose availability 
on the response to acidic treatment was studied. 
The kinetics of L. monocytogenes response to acid treatment in the absence of 
glucose in the medium is shown in Figure 5-13. 
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Fig. 5-13. Effect of glucose availability on kinetics of L. monocytogenes Scott A 
after acid treatment. Cells were adapted at pH 6.0 in the absence of glucose for 1 
h. Acid treatment was applied by a change of the medium to one with desired pH. 
Glucose was added as indicated in amounts to achieve 10 mM in the experimental 
solution. Error bars are SEM (n=4). 
The kinetics of Lb. Bulgaricus' response to acidic treatment is shown in Fiiure 
5-14. 
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Regardless of the availability of glucose, a decrease in pH0 led to a similar shift 
towards net H+ influx in Lb. bulgaricus (fig. 5-11). Extrusion of protons at pH0 6.0 
(before a9idic treatment) in the presence of 10 mM of glucose was nearly 2-fold 
higher than the corresponding process for glucose-deprived cells due to fermentative 
activity of Lb. bulgaricus. A shift from pH0 6.0 to pH0 4.0 in the absence of glucose 
resulted in net W influx followed by stabilisation around zero. Addition of 10 mM of 
glucose to acid-stressed glucose-deprived cells resulted in a significant extrusion of 
protons, as was observed for L. monocytogenes (Fig. 5-13). 
The observed data is consistent with the hypothesis that resistance to acid stress 
is an energetically expensive process (Miyagi et al., 1994). Mechanisms of regulation 
of cytosolic pHi are numerous and involve active H+ extrusion via ATP-driven 
pumps, proton/cation exchange systems, buffering of the cytoplasm or 
decarboxylation processes (Booth, 1985; Lin et al., 1996; Booth, 1999; Dilworth and 
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Glenn, 1999). Buffering capacity of the cytoplasm was shown to play a limited role 
in pH, homeostasis (Krulwich et al., 1985). Involvement of decarboxylatl.on 
processes in the present experimental conditions can be dismissed because of the 
absence of amino acids in the experimental solution used. Transport processes 
require the proton motive force (PMF) that needs to be fuelled by glucose (or other 
energy sources). 
From this point of view, L. monocytogenes' inability to maintain a high level of 
pH, at pH0 4.0 (Fig. 5-13) in the absence of an energy source may be interpreted as 
further evidence for the crucial role of proton extrusion in maintaining pH 
homeostasis in this organism. Addition of glucose (as an energy source) to the 
medium enabled cells to expel protons to restore pH, (Fig. 5-13). 
The fermentative bacterium Lb. bulgaricus uses another strategy to cope with 
acidic treatment by decreasing pH, together with pH0 • This strategy is based on 
energy economy and enables Lb. bulgaricus to survive at lower pH0 • However, the 
absence of glucose in the medium results in zero net H+ flux at pH0 4.0. The addition 
of 10 mM glucose leads to net W extrusion of a magnitude similar to that in the 
previous trial with 10 mM of glucose (Figs. 5-14 and 5-11, respectively). 
Glucose-induced acid efflux has previously been shown to be a reflection of 
FOFl ATPase activity in streptococci (Harold et al., 1970). It was also demonstrated 
that H+-ATPase is involved in ATR ofL. monocytogenes (Davis et al., 1996; 
O'Driscoll et al., 1996). H+-ATPase activity was shown to correlate with the 
cytoplasmic ATP levels (Kobayashi et al., 1984; O'Sullivan and Condon, 1999) 
which depend on glucose concentration in the medium. Glucose is used as an energy 
source in both L. monocytogenes and lactobacilli. Addition of an energy source was 
reported to result in a dramatic increase in the intracellular ATP in Lb. plantarum 
(Wouters et al., 1998). Absence ofH+ extrusion in glucose-deprivedL. 
monocytogenes cells and zero net W flux in Lb. bulgaricus cells demonstrated in this 
study are in accord with other reports and suggest involvement ofH+-ATPase in acid 
stress responses in both organisms. 
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5.3.5 Conclusion 
The MIFE technique was used for kinetic studies of L. monocytogenes a11d Lb. 
bulgaricus responses to acidic treatment. These two Gram-positive bacteria employ 
very different mechanisms in dealing with acid stress. As discussed above, other 
workers have shown that while L. monocytogenes expels protons to maintain 
constant pH1, the fermentative bacterium Lb. bulgaricus does not employ a pHi 
· homeostasis strategy. Instead, Lb. bulgaricus allows proton entry after acidic 
treatment so that pHi follows pH0 . This energy-saving strategy enables high acid 
tolerance in Lb. bulgaricus. That observation is supported and extended by the 
present results. The important role of ATP-driven W pumps in Lb. bulgaricus was 
demonstrated using DCCD. 
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5.4. Ion flux kinetics associated with bacterial responses to 
bacteriocins: a case study for nisin 
176 
In their competition for nutrients and a place in their ecological niche, some 
Gram-positive bacteria produce peptides that inhibit competing bacteria, conferring a 
growth advantage. One of the peptides, the bacteriocin nisin, is produced by certain 
strains of Lactococcus lactis subsp. lactis. It helps this bacterium to compete against 
other Gram-positive bacteria, eg. L. monocytogenes (Jack et al., 1995; Montville and 
Winkowski, 1997). Since the emergence of L. monocytogenes as a food-borne 
pathogen, significant efforts have been applied towards preventing its presence in 
food products. Bacteriocins, in particular nisin, have been promoted as potential 
antimicrobial agents against L. monocytogenes in foods. Nisin is at present the only 
bacteriocin with commercial applications in the food industry (Leriche et al., 1999) 
and is used as a food preservative in more than 50 countries (Delves-Broughton et 
al., 1996). 
5.4.1 Mode of nisin action 
Nisin is a cationic peptide of 34 amino acids that contains five intramolecular 
rings (Moll et al., 1998). Nisin inhibits the growth of Gram-positive bacteria by 
interaction with anionic constituents of the negatively charged cell wall that results in 
a rapid and a specific efflux of cytoplasmic cell constituents. Both the 
transmcmbranc electrical potential (~'!') and the ~pH stimulate nisin-mediated 
membrane permeabilisation (Moll et al., 1997, 1998; Montville and Chen, 1998). 
Driessen's group proposed two models: the 'barrel-stave' model (Sahl, 1991) 
and the "wedge" model (Driessen et al., 1995). Both models argue that nisin initially 
binds to the target membrane through electrostatic interactions. The models differ 
with regard to the insertion of the molecule. In the barrel-stave model, nisin binds as 
a monomer, inserted into the lipid bilayers, and the inserted monomers aggregate 
laterally to form pores. In the wedge model, pore formation is caused by the local 
perturbation of the lipid bilayer that occurs when nisin molecules bind. Nisin is then 
pulled into the membrane by a PMF component, either ~'I' or ~pH. The hydrophobic 
residues of nisin are inserted shallowly into the outer leaflet of the lipid bilayer. It 
Chapter 5 MIFE application to bacterial cells 177 
remains unclear how initial electrostatic interactions between the positively charged 
nisin molecules and the anionic phospholipids in the target membrane transform to 
hydrophobic interactions in the wedge-pore structure. 
Montville' s group also proposed two models to describe the interaction of 
bacteriocin nisin monomers and the cytoplasmic membrane: the "detergent 
disruption" model and the "poration complex" model (Montville et al., 1995). It was 
hypothesised that nisin permeabilises target cell membranes through a multi-step 
process of binding, insertion, and pore formation (Montville and Chen, 1998). The 
"detergent disruption" model predicts random insertion ofbacteriocin monomers into 
the membrane with a resulting disruption of the phospholipid bilayer. The "poration 
complex" model proposes that nisin monomers are bound and inserted into the 
membrane, followed by the congregation of other monomers in a barrel stave 
formation. Such interaction of monomers results in pore formation within the 
membrane (Montville et al., 1995). 
The existence of different models reflects the complex nature of nisin-
membrane interaction that are far from fully understood. 
Pore formation by nisin does not require a protein receptor since it dissipates 
the PMF. This causes carboxyfluorescein (CF) efflux from lipid vesicles (Montville 
and Chen, 1998). The PMF plays a central role in ATP synthesis, active transport, 
and bacterial motion (for details see Chapter 1.2). PMF dissipation by nisin depletes 
intracellular ATP (Abee et al., 1994; Winkowski et al., 1994; Christensen and 
Hutkins, 1994; Chen and Montville, 1995; Waite and Hutkins, 1998) and blocks 
amino acid uptake (Ruhr and Sahl, 1985; Chikindas et al., 1993; Maftah et al., 1993). 
Nisin also induces the efflux of various small intracellular substances from sensitive 
cells like amino acids, potassium, inorganic phosphate, and partial efflux of 
intracellular ATP (Ruhr and Sahl, 1985; Abee et al., 1994; Waite et al., 1998). 
While both models are consistent with membrane disruption and loss of PMF 
observed in bacteriocin-sensitive cells, evidence of saturation kinetics and 
bacteriocin inhibition mechanisms, such as leakage of intracellular ATP and other 
large molecules, favour the poration complex model (Winkowski et al., 1994; 
Montville et al., 1995). 
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It is well established that nisin is effective against vegetative cells of Gram-
positive bacteria and not Gram-negative bacteria. However, it was demonstrated that 
both Gram-positive and Gram-negative bacteria are sensitive to nisin ifthe outer 
membrane of the latter is destroyed by chelates (Montville and Bruno, 1994). In 
addition, nisin was shown to be active against liposomes of both Gram-positive and 
Gram-negative bacteria (Garcera et al., 1993). Taken together, these suggest that 
access to the membrane is the only requirement for nisin efficacy. 
5.4.2 Inhibitory effect of divalent cations on nisin efficiency 
While many papers report inhibitory effects of nisin in L. monocytogenes 
(Abee et al., 1994; Winkowski.et al., 1994; Montville and Bruno, 1994; Montville et 
al., 1995; Crandall and Montville, 1998; Waite and Hutkins, 1998), a number of 
questions remain unanswered. It appears that many factors might contribute to the 
mode ofnisin action. One of these is the effect of divalent cations. 
Divalent cations were shown to reduce the efficacy of nisin action against L. 
monocytogenes (Abee et al., 1994; Verheul et al., 1997b; Crandall and Montville, 
1998). Crandall and Montville (1998) showed that inclusion of 10 mM MgS04, 
MgCh, CaCh, MnS04, or BaCh into the medium reduced the lethality caused by 
nisin (Abee et al., 1994). However, divalent cations had no effect on cell viability in 
the absence of nisin. The trivalent cation gadolinium (Gd3+) was even more efficient 
and completely suppressed nisin activity at a concentration of 0.2 mM (Abee et al., 
1994). In contrast, monovalent ions (as tested by addition ofKCl and NaCl to the 
medium) had no effect on the mode ofnisin action (Crandall and Montville 1998). 
Inhibition of nisin activity by di- and trivalent cations was reversed by chelation with 
EDTA (Abee et al., 1994; Crandall and Montville, 1998). 
5.4.3 Effect of calcium on proton extrusion 
The MIFE technique was used to investigate the physiological response of L. 
monocytogenes to different concentrations of nisin as a function of the presence of 10 
mM of a divalent cation Ca2+ in the medium. 
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Exponential phase L. monocytogenes Scott A (see Fig. 2-1 ), were used in this 
study. Culture maintenance and growth conditions were as reported in Section 2.1.2. 
Cultures adapted for 1 hat an appropriate nisin and CaCh concentration, were 
immobilised on a cover-slip (see Section 2.2.3), placed into a measuring chamber, 
and net H+ flux was measured. Experimental solution N2 (Appendix A) with 
addition of 10 mM of glucose was used as a basic solution throughout the study. 
Comparative analyses of net H+ flux from immobilised L. monocytogenes in the 
presence or absence of CaCh are shown in Figure 5-15. 
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Fig. 5-15. Net W flux from immobilised L. monocytogenes Scott A cells as a 
function of nisin concentration and calcium availability in the medium. 
Measurements were performed at pH 6.0 with or without 10 mM CaCh in the 
experimental solution N2 (Appendix A) at indicated nisin concentrations. Cells 
were in the exponential phase of growth. Error bars are SEM (n=5-9). 
Proton extrusion was activated by the presence of calcium in the medium (Fig. 
5-15). Mean proton extrusion for a control (in the absence of nisin) in the presence of 
10 mM CaCh was ~4 -fold higher than a similar control in the absence of CaCb. 
For all concentrations tested, the inhibitory effect of nisin on net H+ efflux was 
significantly lower when Ca2+ was present in the medium (Fig. 5-15). That was 
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especially obvious at intermediate nisin concentrations (10 to 100 IU/ml). At higher 
concentrations, net H+ extrusion was significantly suppressed, suggesting cell death. 
Since the mode of nisin action relies on the interactions of cationic nisin 
molecules with anionic phospholipids of the target membrane, a major determinant 
for sensitivity to nism is the relative amount of negatively charged lipids in the target 
membrane (Abee et al., 1994). It was reported that the major phospholipids of L. 
monocytogenes are phosphatidylglycerol and cardiolipin (Kosaric and Carroll, 1971; 
Mastronicolis et al., 1996). Fluorescence studies show that nisin tightly associates 
with the anionic surface ofphosphatidylglycerol liposomes but not with the surface 
of phosphatidylcholine liposomes (Driessen et al., 1995). It was proposed that 
anionic phospholipids interact strongly with nisin and encourage nisin insertion 
(Giffard et al., 1996; Martin et al., 1996). 
Di- and trivalent cations can bind to the negatively charged headgroups of 
phosphatidylglycerol and cardiolipin (Harwood and Russell, 1984). Neutralisation of 
negative charges induces condensation of these lipids, resulting in a more rigid 
membrane (Harwood and Russel, 1984). This may cause a decrease in efficiency of 
nisin insertion and pore formation (Abee et al., 1994). 
The increase in net H+ efflux observed from immobilised control cells in the 
presence of calcium, as compared to the trial without calcium, might be attributed to 
the known role of calcium in the structure and the function of several enzymes ( eg. 
Ca2+ is an important cofactor ofy-carboxyglutomate decarboxylases; Martin, 1984) 
or to Ca2+ binding to negatively charged headgroups. 
The pores formed by nisin were reported to be up to 1 nm in size and non-
selective (Sahl, 1985). The monitored decreased ability of L. monocytogenes to 
extrude protons in the present experiments correlated with the increase in nisin 
concentrations to the values known to be inhibitory for Listeria survival (> 100 
IU/ml). The observed increase in proton extrusion for a given nisin concentration in 
the presence of 10 mM CaCh in the medium may be due to decreased access of nisin 
molecules to bacterial phospholipids. The effect of calcium, significant for 
intermediate nisin concentration (30 to 100 IU/ml) was diminished with the increase 
in nisin concentrations (> 100 IU/ml). 
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5.4.4 Conclusion 
Calcium is present (often in large quantities) in a variety of food products, eg. 
dairy products. Therefore, the reported decrease in nisin efficacy due to Ca2+ should 
be taken into consideration while attempting to inhibit L. monocytogenes growth. 
Monitoring the resultant W flux kinetics might be a sensitive tool in evaluating the 
efficacy of nisin action in a variety of food products and in combination with other 
factors. 
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5.5. Combination of the MIFE and FRIM techniques to study 
membrane-transport processes: a case study for Listeria 
monocytogenes 
In the previous sections a number of applications of the MIFE technique to 
bacterial monolayers were demonstrated that offer new and exciting prospects to 
study the mechanisms underlying bacterial growth and adaptive responses. The 
power of this technique may be further significantly enhanced when ion flux 
measurements are combined with other electrophysiological or molecular biology 
techniques, concurrently applied to the same organism. One such technique is 
Fluorescence Ratio Image Microscopy (FRIM). 
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In recent years, FRIM has become a very powerful tool in microbial research 
(Siegumfeldt et al., 1999; Budde and Jakobsen, 2000). The advantages of the 
technique are outlined in Chapter 1.4.4. However, while it is able to detect the 
overall effect of applied stress on pH1, the FRIM technique can not reveal the 
underlying mechanisms involved. 
In this study, the FRIM and MIFE techniques were combined in one 
experimental set up to perform simultaneous measurements of pHi and net H+ fluxes 
in response to acidification of the medium. This novel combination of techniques 
enabled changes in H+ concentrations at either side of the bacterial membrane to be 
measured concurrently and the contribution of plasma membrane H+ transporters to 
bacterial pH homeostasis to be investigated. 
5.5.1 Importance of Listeria monocytogenes acid stress studies 
As described in Chapter 1, Listeria monocytogenes is a bacterium that poses a 
serious threat to public health and the viability oflarge segments of the processed 
food in the food industry. Among environmental conditions unfavourable for listeria! 
growth, acidity is probably the most significant (Gahan and Hill, 1999). The ability 
of L. monocytogenes to adapt to low-pH environments is of particular interest 
because the organism encounters such environments during its passage through the 
stomach and also during its transient residence in the macrophage phagosome (Phan-
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Thanh et al, 2000; Cotter et al., 2001). In addition, acids are often used in the food 
industry for food preservation. The phenomenon of acid tolerance in bacteria has 
been studied for many years. However, the majority of this research was carried out 
on E.coli and Salmonella (Booth, 1985; Foster, 1991; Lin et al., 1996; Brown et al., 
1997). Work on Listeria monocytogenes and other Gram-positive bacteria is less 
extensive (Gahan et al., 1996; O'Driscoll et al., 1996). 
Bacterial survival in acidic conditions is an energy requiring process. The role 
of carbohydrates in the survival of L. monocytogenes at low pH is particularly 
important because growth of this pathogen depends on carbohydrates for its primary 
energy source (Seeliger and Jones, 1986). Glucose is reported to be its preferred 
carbohydrate (Pine et al., 1989; Premaratne et al., 1991). In addition, as an 
intracellular parasite, L. monocytogenes also grows well within the cytoplasm of 
host tissue cells, where varying glucose concentrations might also be expected 
(Parker and Hutkins, 1997). Consequently, it is important to define the extent to 
which L. monocytogenes can survive low pH conditions and to determine the effect 
of energy in general on the process. Like other neutrophiles, Listeria maintains pH1 at 
around 8 even when the pH of the external medium decreases (Christensen and 
Hutkins, 1992; Siegumfeldt et al., 1999; Budde and Jakobsen, 2000). The 
maintenance ofhomeostasis requires an intact semipermeable cell membrane and 
expenditure of energy. Therefore, any treatments that disrupt membranes or interfere 
with generation of cellular energy will hinder or abolish homeostatic capacity and 
will eventually lead to cell degeneration and death (Mackey, 1999). Acid stress has a 
direct effect on the PMF and may result in instantaneous changes in the cell 
membrane potential (Young and Foegeding, 1993). Those changes will affect 
transport of all other major nutrients taken in cotransport with H+ (Maloney and 
Wilson, 1996). Regulation of pH1 is a fundamental requirement for the survival and 
viability of L. monocytogenes. 
As described in detail in Section 1.2.3, bacteria attempt to maintain their pH1 
by minimising membrane permeability to W, buffering the cytoplasm, ameliorating 
the pH0 through catabolism or selective substrate utilisation, and using the H+ pump 
and other transport systems (Booth, 1985; Lin et al., 1996; Booth, 1999; Dilworth 
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and Glenn, 1999). The literature does not suggest which, if any, of these mechanisms 
is predominant in L. monocytogenes. Consequently, it is important to study 
membrane-transport processes and their input into the process of L. monocytogenes 
pH homeostasis. 
5.5.2 Importance of kinetic studies 
At present, little is known of early events in the adaptive response of L. 
monocytogenes that occur at the cell membrane and enable survival in hostile 
environments or growth in foods. Of special importance are kinetic studies. Adaptive 
responses of bacterial cells are usually very fast. Synthesis of specific proteins in 
response to low pH treatment known as acid tolerance response (ATR) occurs about 
60 min after stress onset (Davis et al., 1996; O'Driscoll et al., 1996). Long before de 
nova synthesis of stress-induced proteins becomes evident, biophysical responses 
take place (a time scale of minutes or even seconds) (Reich and Sel'kov, 1981). 
Kinetic studies might help to reveal the processes preceding the protein synthesis. 
However, a high rate of data sampling is required during that time in order to achieve 
temporal resolution and understand the underlying mechanisms of bacterial pH 
homeostasis. The MIFE technique offers advantages for kinetic studies, as will be 
demonstrated below. 
5.5.3 Experimental protocol 
The bacterial strain used throughout this study was L. monocytogenes 4140 in 
the stationary phase of growth (Table 2-1 ). The culture was prepared as described in 
Section 2.1.2. Washed cells were suspended in experimental solution N2 (Appendix 
A) adjusted to pH 6 and adapted to new conditions for 1 h. An experimental chamber 
depicted in Figure 2-5 was used. Staining cells for FRIM, immobilisation of cells and 
MIFE measurements are described in Sections 2.4, 2.2.3, and 2.3.5, respectively. 
Net H+ flux and pH1 were monitored at three conditions: 
(i) In static experiments, the pH, and H+ flux measurements were taken after 
bacterial cells were pre-incubated for 1 h in a range of constant pH0 from 6 to 3 
at intervals of 0.5 pH units; 
Chapter 5 MIFE application to bacterial cells 185 
(ii) In kinetic studies, continuous measurements were taken, starting at pH0 6, and 
followed by a shift to pH0 4 or 3; 
(iii) In recovery experiments, cells were kept at pH0 3.0 or 4.0 for at least 1 hour, 
followed by a shift to pH0 6.0 and with measurements of subsequent H+ flux 
and pH1 kinetics. 
All experiments were carried out at three levels of glucose concentration (0, 1, 
and-10 mM). 
Hydrogen electrodes were positioned 15 to 20 µm above the immobilised 
bacteria and moved 30 µm up and down in a square-wave manner. Under this design, 
the measured H+ flux originated from the surface area of 300 to 400 µm2, e.g. 
represented an average net flux from about 300 bacterial cells (Fig. 2-6). Each flux 
measurement lasted for about 3 min in static experiments. Electrodes were then re-
positioned to another place on the bacterial layer about 200 µm away, and the 
measurements resumed. On average, 5 to 7 spots were measured from the layer of 
immobilised bacteria at every pH0 and glucose concentration studied. In kinetic 
experiments one spot was monitored throughout the experiment. 
5.5.4 H+ flux and pHi at different pH0 and glucose concentrations 
The acquired acid tolerance of L. monocytogenes can have important 
implications for survival in environments and food products and for bacterial 
colonisation in the human gut. Most of the reported information corresponds to 
survival in rich media which may confer protection to the bacteria by providing 
energy and metabolic precursors. L. monocytogenes survival in a defined medium 
and its relation to intracellular pH is considered here. Molecular mechanisms used by 
L. monocytogenes to survive low pH stress have not yet been established and in this 
respect the study of bacterial survival in a defined medium is of particular 
importance. Since glucose availability affects the energy status of bacteria, different 
glucose concentrations may exert an effect on the survival of L. monocytogenes at 
low pH. 
Before the kinetics of net H+ flux and pH1 changes were measured, the kinetics 
of bacterial growth and survival at various pH0 were studied. Stationary phase cells 
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of L. monocytogenes 4140 survived at pH 4.0 and 3.5 in the absence of glucose in the 
medium for more than 20 hat 25°C without a noticeable decline in their viability 
(Fig. 5-16). 
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Fig. 5-16. Survival of L. monocytogenes 4140 at different pH values in the absence 
of glucose in the medium. The culture was grown in BHI adjusted to pH 6 at 3 7° 
C without agitation for 18 h. Washed cells were suspended in the experimental 
solution adjusted to pH 6 and adapted to new conditions for 1 h before imposing 
low pH steps. Error bars are SEM (n=3). 
More cells were killed by the more severe treatment of pH 3.0 in the absence of 
glucose (log CFU cell count reduction of ~6 after 20 h). The magnitude of survival 
depended on the glucose concentration in the medium, with the highest survival 
observed in the presence of glucose (Fig. 5-17). 
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Fig. 5-17. Survival of Listeria monocytogenes 4140 at pH 3 at three levels of glucose 
in the medium (concentration of glucose is given in mM).The points are averages 
of three independent experiments. Error bars indicate SEM (n=2-4). 
Inactivation curves showed regular changes and can be divided into three 
phases according to inactivation rate changes (Fig. 5-17). In phase 1 (0 to 20 h of 
treatment at pH 3.0), cell inactivation was found for all trials. This rate was related to 
glucose concentration in the medium and had a maximum value in the absence of 
glucose. The log reductions by the end of phase 1 were 6.3, 1.5, and 0.5 for 0 mM, 1 
mM, and 10 mM of glucose, respectively. 
In phase 2 (20-40 h), the curve flattened for the trials with glucose in the 
medium. In the absence of glucose, however, a progressive decrease in CFU values 
was observed, followed by cell death by the end of phase 2. At phase 3 (>40 h), the 
rate of cell inactivation increased again. An inhibitory effect of pH 3.0 on L. 
monocytogenes was reported for rich media (Ita and Hutkins, 1991; Kroll and 
Patchett, 1992; Davis et al., 1996; Datta and Benjamin, 1997) while reports for 
defined media are not as extensive. Phan-Thanh and Montagne (1998) showed no 
survival of L. monocytogenes after 1 h of treatment at pH 3.0 in their defined 
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minimal medium. Apart from strain specificity, the main reason for the disparity 
between their data and those in Figs. 5-16; 5-17 could be attributed to a different 
physiological state of the bacteria used for study. Phan-Thanh and Montagne (1998) 
used L. monocytogenes in the mid-exponential phase of growth, while bacteria in a 
stationary phase known to have enhanced acid resistance (Davis et al., 1996; 
O'Driscoll et al., 1996; Cotter et al., 2001) were used in this study. In addition, 
slightly acidic (pH0 6.0) growth conditions used in these experiments might increase 
bacterial resistance to later lethal acid treatment. L. monocytogenes has been shown 
to exhibit an adaptive ATR following exposure to mild acid, which is capable of 
protecting cells from commonly lethal acid stress (Kroll and Patchett, 1992; Hill et 
al., 1995; Gahan et al., 1996; Datta and Benjamin, 1997; Cotter et al., 2000). The 
maximum protection from acidic treatment was reported to occur after adaptation at 
pH 5 and 5.5. However, adaptation at pH6.0 can also induce ATR. 
Static experiments. L. monocytogenes cells were able to maintain constant pH1 
between 7 and 8 for pH0> 4.0 in trials with glucose in the medium, while pH1 
decreased dramatically below pH0 4 (Fig. 5-18). In the absence of glucose in the 
medium pHi was lower than the corresponding data for the trials with glucose at all 
pH0 , and started to decline below pH0 5.5. 
Concurrently measured H+ fluxes showed net H+ extrusion at pH0 > 4.0 and net 
H+ influx below pH0 4.0 in the presense of glucose in the medium (Fig. 5-18). 
Maximum H+ extrusion occurred at pH0 5.5. For the trial without glucose net W flux 
was zero at pH0 6.0 and 5.5 followed by a net H+ influx below pH0 5.5. 
The magnitude of both pH1 and net H+ flux were related to glucose 
concentration in the medium with a higher pH1 and W extrusion corresponding to a 
higher glucose concentration in the medium. 
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Fig. 5-18. Net H+ fluxes (circles) and pH1 (squares) as a function ofpH0 (static 
experiments). Cells were adapted for 1 h in the range ofpH0 between 3.0 and 6.0 
at 0.5 pH unit intervals at three levels of glucose in the media before 
measurements. Clear symbols represent 0 mM; grey symbols - 1 mM, and dark 
symbols - 10 mM of glucose. The pH values are averages of 40-60 single cells; 
net H+ flux values are averages of 3-6 independent experiments with 4-6 distinct 
sites of immobilised cells measured in each. Error bars are SEM. 
Kinetic studies. Kinetic experiments were crucial in evaluating the time 
constants of the mechanisms underlying cell ATR and contributing to L. 
monocytogenes pHi homeostasis. Immediately after acid stress onset, hydrogen ions 
entered the cell regardless of the glucose availability in the medium (Figs. 5-19; 5-
20). 
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Fig. 5-19. Effect ofpH0 change from 6 to 4 on the pH1 of individual L. monoytogenes 
4140 cells at three levels of glucose in the medium. Symbols: clear - 0 mM; grey 
- 1 mM; dark - 10 mM glucose. Cells were adapted to starting experimental 
conditions (pH 6) for 1 h. Acid challenge was performed by perfusion 
experimental solution of pH 4 through the chamber (flow about to 6 mL/min). 
The subsequent kinetics, however, were strikingly different for 0, 1 and 10 mM 
glucose variants. Glucose-rich cells (10 mM) were able to extrude H+ at a 
significantly higher rate than those low in glucose (1 mM) (3.3 nmol m-2 s-1 and 0.5 
nmol m-2 s-1 per min, respectively). As a result, 5 min after acid stress onset, glucose-
rich cells pumped out excess H+ (net H+ efflux after 10 min; Fig. 5-20, dark 
symbols). Glucose-deprived cells (clear symbols in Fig. 5-20) continued to display 
net W influx for the whole period of measurements (50 min). Cells incubated with 
intermediate glucose concentration were able to extrude H+ only 20 min after stress 
onset (Fig. 5-20, grey symbols). 
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Fig. 5-20. Kinetics of net W fluxes from immobilisedL. monocytogenes in response 
to change of pH0 from 6 to 4 at three levels of glucose in MM: 0 mM glucose -
clear symbols, 1 mM - grey symbols, and 10 mM - dark symbols. Data was taken 
every 0.1 min. Each point represents 1 min average value of 3-7 independent 
experiments. Error bars are SEM. 
As H+ ions flowed into the cell, intracellular pH, declined sharply for 2-3 min 
after stress onset (Fig. 5-19). The resulting drop in pH1 (of about 2 pH units) reduced 
the magnitude of electrochemical gradients (~µH+) and resulted in a decreased 
ingress of H+ into the cell (Fig. 5-20). The rate of pH, change was inversely related to 
glucose concentration in the medium with the fastest stabilisation after acid treatment 
occurring at the highest glucose concentration (Fig. 5-20). A linear correlation 
between pHi and H+ flux, based on Figure 5-18 was determined. There was a high (R 
> 0.90) correlation between pH1 and H+ flux kinetics for the trials with glucose. For 
the trial in the absence of glucose in the medium the correlation was less marked. 
Chapter 5 MIFE application to bacterial cells 192 
Recove1y experiments. After acid stress was removed, bacterial cells were able 
to recover their pH, values. Immediately after the solution was changed from pH 3 to 
pH 6, net W flux switched from influx to efflux (Fig. 5-21). 
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Fig. 5-21. Kinetics ofrecovery measured as pH, and net If'" flux change at pH0 6.0 
after an acidic stress at pH 3.0. The medium contained 1 mM of glucose for all 
treatments. 20 individual cells were monitored for pHi analyses. The error bars 
indicate SEM (n=3). 
The shift to pH 6.0 resulted in an almost complete recovery ofpH1 values 
(around 7.5). The magnitude ofresponse after recovery depended on the severity of 
the stress applied (pH0 of treatment), duration of acid stress and glucose 
concentration in the medium (data not shown). 
5.5.5 Underlying mechanisms 
In previous sections, the applicability of the MIFE technique to studying 
adaptive responses in several bacteria was demonstrated. Application of this 
technique was here extended by combining it with FRIM to elucidate the role of 
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plasma membrane H+ transporters in acid stress responses and maintenance of pHi 
homeostasis in L. monocytogenes. 
It is generally accepted that pH1 exerts a feedback effect on cell metabolism. 
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Cell membranes have low permeability to H+ (Harold and van Brunt, 1978; Van de 
Vossenberg et al., 1999) and the regulation ofpH1 implies control over this 
permeability. Protons enter and exit the cell by interacting with cell systems that 
control H+ transport, such as W-ATPase, Na+/H+ antiporters, electron transport 
systems (Booth, 1999; Dilworth and Glenn, 1999; Cotter et al., 2000). In aerobic 
bacteria, the active transport of W is coupled with the process of electron transport in 
respiratory chains. In anaerobic bacteria, W transport is carried out by a W-ATPase 
molecule (proton pump) using energy from ATP hydrolysis. L. monocytogenes, a 
facultative anaerobic bacterium, may use both processes to achieve pH, homeostasis 
(Phan-Thanh et al., 2000). Apart from cytoplasmic buffering capacity and proton 
transport processes, pH1 homeostasis is achieved by amelioration of pH0 via 
switching to decarboxylation of amino acids (Gale and Epps, 1942; Stirn and 
Bennett, 1993; Lin et al., 1996; Dilworth and Glenn, 1999). As many different 
processes may contribute to pHi regulation, the unambiguous interpretation of the 
underlying mechanisms is difficult. Until now, no precise role for any of these 
mechanisms has been clearly established. 
Membrane-transport processes might be dominant in regulation of L. 
monocytogenes pH homeostasis. In the presence of glucose in the medium pH, 
remained constant at intermediate pH0 values, while the corresponding net W 
extrusion was increased. The maximum value occurring at pH0 5.5 (Fig. 5-18). The 
activity ofH+-ATPase increases with a decrease in pH0 for a number of bacteria 
(Kobayashi et al., 1984; Nannen and Hutkins, 1991; O'Sullivan and Condon, 1999). 
The optimum pH0 for maximum W-ATPase activity varied between 5.0 and 6.5 
depending on the species studied, as established for lactic acid bacteria (Nannen and 
Hutkins, 1991; 0' Sullivan and Condon, 1999) and Enterococcus faecalis (Kobayashi 
et al., 1984). Keeping in mind the important role of H+-ATPase in the ATR of L. 
monocytogenes (Cotter et al., 2000), the data here suggest that similar acid stress-
induced activation of H+-ATPase activity takes place in L. monocytogenes. 
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It was shown that the magnitude ofresponse of both pH1 and H+ flux depended 
on glucose concentration in the medium. The lowest pH0 at which ~pH did not 
collapse occurred at the highest glucose concentration and reflected the ability of L. 
monocytogenes cells to expel protons (Fig. 5-18). Indeed, pH1 only started to 
decrease for pH0< 4, 4.5, and 5.5 for 10, 1, and 0 mM of glucose, respectively. These 
values corresponded to W influx below the indicated pH0 for similar glucose trials 
(crossing "zero" line in Fig. 5-18). The kinetics of net W-fluxes also demonstrated 
that the maximum rate of response occurred at the highest glucose concentration in 
the medium (Fig. 5-20). By contrast, glucose-deprived cells were not able to pump 
H+ out even 50 min after stress onset (Fig. 5-20). 
W-ATPase activity was shown to correlate with the cytoplasmic ATP levels 
(Kobayashi et al., 1984; O'Sullivan and Condon, 1999) which depend on glucose 
concentration in the medium. The absence ofH+ extrusion in the trial without glucose 
, (Fig. 5-18) is in accord with this and suggests involvement ofW-ATPase. The 1 mM 
and 10 mM glucose used in the present study correspond to high and low affinity 
transporters for glucose in L. monocytogenes that are fuelled by the PMF 
(Christensen and Hutkins, 1992). Consequently, the net W flux responses observed 
in the experiments presented here at intermediate pH0 levels might be attributed to 
H+-ATPase activity that was modulated by glucose concentration in the medium. The 
modulation ofH+ transport across the bacterial membrane was sufficient to maintain 
the pH1 at a constant level, with pH0 values within the pH range that permits growth 
of L. monocytogenes. 
The interdependence of pH1 and net H+ flux was also evident in the kinetics of 
acid stress and recovery (Figs. 5-19, 5-20, 5-21). Acidification ofpH0 from 6 to 4 led 
to a decrease in pH1 followed by a net W influx measured immediately after stress 
onset (Figs. 5-19, 5-20). During recovery, bacterial cells immediately (within the 
time resolution of the experiment; Fig. 5-21) switched from net H+ influx to efflux 
which led to an almost complete recovery ofpH1• This demonstrates the 
complementary origin of the two processes and, therefore, implies a crucial role of 
plasma membrane H+ transporters in acid stress responses and pH homeostasis in L. 
monocytogenes. This conclusion is further supported by the correlation (R=0.76 
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without glucose and R>0.90 with glucose; P<0.01) between pH1 and net H+ flux 
changes for all glucose concentrations studied in the range of pH0 3 to 6. 
Collectively, the data suggest that membrane-transport processes are the major 
contributors to the process of pH1 homeostasis in response to acidic treatments thus 
supporting the dominant role of"active homeostasis" (Booth, 1985). The above 
findings might be of importance in understanding the mechanism of ATR induction. 
Adaptation at intermediate pH0 induces ATR in bacteria including L. monocytogenes 
increasing its survival at lower pH0 values (Davis et al., 1996; O'Driscoll et al., 
1996). ATR is known to occur after 60 min of the pH treatment being applied, and 
involves synthesis of specific proteins. However, the processes involved in bacterial 
adaptation prior to ATR induction are not known. This knowledge is of importance 
for understanding the early events in bacterial adaptation. The increase in net H+ 
extrusion, observed after a treatment at intermediate pH0 for 1 h, might represent an 
early step in the adaptation process. 
5.5.6 Conclusion 
MIFE measurements of net W from bacterial cells in response to acid 
treatment provide valuable information about the 'early stages of cell adaptive 
responses. However, due to a large number of contributing factors, unambiguous 
interpretation of mechanisms responsible for the measured pH changes (interpreted 
by the MIFE technique as net H+ flux) is sometimes problematic. This problem has 
been overcome by the concurrent use of the MIFE and FRIM techniques. 
The kinetics of pHi and net H+ fluxes were shown to be complementary in 
nature and provide evidence that plasma membrane H+ transporters play a central 
role in L. monocytogenes pH homeostasis and ATR. 
Combining the FRIM and MIFE techniques proved to be a powerful tool in 
studying bacterial response to acidic stress. To the candidates knowledge, this report 
is the first study of its kind in the literature. Further possible applications of the 
synergism of the two techniques used in this work include studies of bacterial 
response to other stresses like organic acids, salinity, temperature etc. 
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Chapter 6 
GENERAL DISCUSSION 
6.1. Advantages of non-invasive microelectrode ion flux 
measurements 
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In recent years, non-invasive microelectrode ion flux measurements have 
become a popular tool in studying adaptive responses of plant cells and tissues to a 
large number of abiotic stresses. Several laboratories around the world employ this 
technique, and their number is growing. In this work, the MIFE technique was first 
introduced to microbiology as a novel tool to study adaptive responses of bacteria 
and fungi. There are at least five major features that, taken together, confer the MIFE 
approach with a significant advantage over other methods for ion flux measurements. 
(1) Non-destructiveness. In contrast to many other methods, the MIFE technique 
allows in situ measurements of net ion fluxes without requiring sub-samples of the 
batch culture to be taken and analysed. This is essential in situations when the 
experiment is carried out in a small volume, and where any sampling might 
significantly affect either the number of cells growing in the culture, or the substrate 
availability. 
(2) High spatial resolution. This feature is especially important for 
microbiologists. The electrode tip is several (typically 2-3) µm in diameter, which 
makes it possible to measure net ion fluxes from organisms of comparable size or 
larger. Therefore, this technique is easily applicable in studies of membrane-transport 
processes in the majority of fungal and yeast cells. Only patch-clamp and FRIM 
techniques provide a similar capacity to carry out studies on individual organisms. 
Moreover, for some ionophores with high signal-to-noise ratio (like H+), the 
electrode tip diameter can be further reduced to 0.8-1.0 µm. That might make it 
I 
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theoretically possible to measure net ion fluxes from individual microorganisms, 
boosting studies of adaptive responses to a new level. 
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(3) High temporal resolution. In the present study, ion-selective microelectrodes 
were moved at either 0.1 or 0.05 Hz frequency, providing respectively 5 or 10 sec 
temporal resolution. This could be reduced without difficulty to 2 or 3 sec. Most 
other techniques (destructive sampling, NMR, radioactive tracers) operate on a time 
scale at least one order of magnitude slower. This gives the MIFE technique a unique 
opportunity to provide insights into very early (and fast) events associated with 
bacterial responses to environmental changes. 
( 4) Duration of measurements. There is essentially no limitation on how long ion 
fluxes could be measured from the cell. The technique is non-invasive, and its 
application is practically limited only by the lifetime of the ion-selective electrode 
(typically 15 to 20 h). Moreover, electrodes may be easily replaced, and 
measurements resumed after only a few minutes' break. None of the other techniques 
of the same time resolution (e.g. patch-clamp or FRIM) provide this opportunity. 
Due to dye bleaching, FRIM measurements are usually restricted to a limited number 
of images being taken. Maintaining a 'gigaseal' for several hours is also a big 
problem in every patch-clamp study. 
( 5) Simultaneous measurements of several ions. The possibility of measuring 
kinetics of fluxes of several ions simultaneously, and essentially at the same spot, is 
important to understanding the underlying ionic mechanisms of cell adaptive 
responses. By assessing stoichiometry ratios between various ions, valuable 
information about membrane transporters involved might be gained. 
6.2. Feasibility ofMIFE measurements in microbiology 
The major technical advance of this study is demonstration of the feasibility of 
MIFE in microbiology. For the first time, net ion flux kinetics were measured from 
bacterial cells in response to various stresses (low pH; substrate availability; 
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bacteriocin). A few reports on non-invasive ion selective measurements from fungal 
and yeast cells are available in the literature (Lew, 1998), but is no report of the 
application of this technique to bacteria. 
In this study, an efficient experimental protocol was developed to measure net 
ion fluxes from immobilised bacterial cells in situ. All methodological issues 
relevant to cell immobilisation procedure, potential confounding effects of changes 
in temperature, metabolic inhibitors, ionic strength of solution etc on LIX properties 
were thoroughly addressed. The feasibility of ion flux measurements from bacterial 
cells was demonstrated for a number of bacteria from different genera. By comparing 
flux data with those obtained by application of other techniques (such as growth 
studies, conventional concentration measurements or FRIM), the MIFE technique 
was validated for a wide range of physiological applications, relevant to bacterial 
responses to acid stress, nutritional status, or the mode of antibiotic action. These 
rigorous tests suggested the diverse origin of fluxes measured by the MIFE technique 
and highlighted some exciting prospects of its application in microbiology. 
6.3. Outline of major findings 
Apart from demonstrating the feasibility ofMIFE ion flux measurements from 
fungal and bacterial cells, specific scientific phenomena were investigated. A brief 
summary of major findings was given after each experimental section. Summarised 
below are several key issues illustrating the power of the MIFE technique and the 
prospects of its application in microbiology. 
Studies on thraustochytrid ACEM C: 
• A close relationship between membrane-transport activity and cell growth and 
-
nutritional status was demonstrated. Evidence for polarity and the presence of 
pronounced oscillatory patterns in ion flux transport across the plasma membrane 
(period range of several minutes) were given. Further studies might lead to greater 
progress in balancing the nutritional requirements and optimization of culture growth 
conditions. 
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• The key role of membrane-transport processes in cell osmoregulation was 
reinforced. It was found that three cations (Na+, er and K+) are responsible for the 
bulk of osmotic adjustment in thraustochytrid ACEM C in response to hypoosmotic 
stress. The presented data also suggests that this process might be mediated by 
changes in cytosolic Ca2+ concentration. 
• A strong relationship between the ambient temperature and activity of ion 
transport systems was found. The post-chilling recovery was associated with 
dramatic changes in net H+ and Na+ fluxes. Two critical temperatures were identified 
attributed to the re-activation of PM transporters for these ions and their complete 
recovery, respectively. These critical temperatures were found to be similar for the 
two ions investigated, suggesting the possible association of these processes with 
phase lipid transition in the plasma membrane. 
Studies of bacterial cells 
• Significant differences in membrane-transport activity were found for bacteria at _ 
different phases of growth. A significant decrease in the magnitude of net H+, K+ and 
NH4 + fluxes was found as cells progressed from middle exponential to late 
exponential and stationary phase of development. These measurements provided a 
possibility for interpretation of corresponding concentration changes in the medium. 
• Studies on L. monocytogenes and Lb. bulgaricus, two Gram-positive bacteria of 
similar phylogenetic position, reinforced two different strategies employed by 
bacterial cells while dealing with acid stress, maintaining constant pH1 value (pH 
homeostasis) or ..:1pH (pH homeokinesis), respectively. The strategy difference 
explains the different acid tolerance in these species. 
• The important role of ATP-driven W pumps in bacterial acid stress responses was 
shown. Activity of bacterial membrane H+ transporters was found to be a major 
contributor to medium acidification observed by conventional methods. 
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• Experiments with nisin suggested that monitoring the resultant W flux kinetics 
might be a sensitive tool in evaluating the efficacy of food additives in a variety of 
food products and in combination with other factors. That might significantly reduce 
time and labour-requirements to assess food formulations that prevent growth of L. 
monocytogenes. 
• Combination ofMIFE and FRIM demonstrated that pHi and W flux changes are 
complementary suggesting the central role of membrane transport processes in L. 
monocytogenes pH homeostasis. 
6.4. Conclusions and prospects 
In the present work, a comprehensive study on the feasibility ofMIFE 
application in food microbiology was undertaken to shed light on adaptive responses 
of bacterial and fungal cells. 
Similar to plants, application of the MIFE non-invasive ion flux measuring 
technique in food microbiology might provide unique opportunities to answer 
specific questions concerning how bacteria cope with environmental extremes. A 
better understanding of physiological processes might provide insights into early 
events associated with environmental perception and signalling in microorganisms. 
That might offer efficient measures to control bacterial growth with minimal doses of 
treatments used, further contributing to the "Hurdle Technology" approach to food 
safety. Ion flux measurements might also lead to greater progress in balancing the 
nutritional requirements and optimization of culture growth conditions (pH, 
osmoticum, temperature etc) for beneficial food microorganisms. 
From the data presented in this work, it is apparent that the MIFE technique by 
itself is a powerful tool, capable of providing valuable information about the 
"blueprints" of cell adaptive responses to the environment. Its power, however, 
might be many-fold higher when combined with other electrophysiological or 
cellular techniques. Specifically: 
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• Combining MIFE and FRIM techniques proved to be a powerful tool in 
studying bacterial response to acidic stress. This report is the first study of its kind in 
the literature. Further, possible applications of the synergism of the two techniques 
used in this work include studies of bacterial response to other stresses like organic 
acids, salinity, temperature etc. 
• Combining MIFE and patch-clamp techniques. This approach was shown to be 
extremely fruitful in plant physiology studies (Tyerman et al., 2001 ). Although 
restricted by the number of organisms suitable for patch-clamping, it might boost our 
knowledge about the nature and regulation of specific membrane transporters 
mediating bacterial adaptive responses. 
• MIFE studies on mutant strains. Recent progress in molecular genetics has 
made available many mutant bacterial isolates and strains with altered adaptive 
response characteristics. For many of them, the genome sequence is known. These 
"structural genomics" data might, and should, be complemented by comprehensive 
studies into "functional genomics" of these organisms. The MIFE technique seems to 
be ideally suited for this purpose. 
• MIFE studies on natural bioftlms. There are many recent reports on in situ 
measurements of pH, dissolved oxygen, sulfide, and other chemical species within 
the biofilms (DeBeer et al., 1994, 1997; Lens et al., 1995; Rasmussen and 
Lewandowsli, 1998; Xu et al., 1998). The unambiguous interpretation of this data, 
however, is difficult due to many factors confounding the observed concentration 
changes. This problem might be overcome if ion fluxes are measured instead of 
concentrations. That might be achieved by impaling two identical ion-selective MIFE 
microelectrodes into the biofilm, followed by continuous monitoring of changes in 
measured concentration gradient between these two electrodes. Success in this 
activity will represent a quantum leap in development of strategies to control 
biofilms, as organisms contained therein display greatly enhanced resistance to 
antimicrobial agents. 
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In conclusion, due to its pioneering nature, this work has revealed only a very 
small "tip of the iceberg'', namely the application of non-invasive ion-selective 
microelectrode technique in food microbiology. Further work in this direction might, 
and should, reveal the major bulk of the iceberg, preventing potential damage caused 
by food-borne pathogens to the "Titanic" of food industry. That might be an 
important step towards better understanding of the underlying mechanisms of 
bacterial adaptive responses and minimising billion-dollar losses imposed on the 
food industry. Customers' health will be the major beneficiary. 
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Appendix A 
Appendix A 
EXPERIMENTAL SOLUTIONS 
1. Experimental solution used in experiments with 
thraustochytrid ACEM C 
Experimental solution contained: 
CaCh 
KCl 
NaCl 
glucose 
O.lmM 
0.2mM 
l.OmM 
in a range from 0 to 5% 
Experimental solution was adjusted to pH 5.5 with 5 M HCL 
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Low concentrations of Na+ and K+ in the measuring solution were due to requirements to 
maximize the signal to noise ratio for measurements of the net fluxes of these ions 
(Newman, 2001). 
2. Experimental solutions used in experiments with bacteria 
Experimental solution Nl 
Experiments with E. coli SB 1 were performed using modified minimal media (MMM). 
Unless otherwise noted, the composition of the MMM used throughout the experiments 
was: 
K2HP04 8.6mM 
NaCl 8.6 mM 
MgS04 0.83 mM 
(NH4)2S04 4.5mM 
CaCh O.lmM. 
The concentration of glucose varied from 0.1 % (w/v) to 0.05% (w/v), and 0.01 % (w/v) 
depending on design of the experiment. 
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This modification of Minimal Broth Davis was required to reduce the buffering capacity 
and to increase the signal to noise ratio of the flux measurements. 
Experimental solution N2 
Experimental solution contained: 
(N!Li)2HP04 0.5 mM 
KCl 
NaCl 
MgS04 
0.2mM 
O.lmM 
0.2mM 
glucose varied (0 mM; 1 mM; I 0 mM) 
Experimental solution was adjusted to pH 6.0 using 5M HCl if not indicated otherwise. 
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Appendix B 
PREPARATION OF NISIN SOLUTION 
Stock solution 
A stock solution of 10, OOO IU/g activity was prepared from the stock powder 
(1, OOO, OOO IU/g activity) by the following procedure: 
- 0.75% NaCl solution was adjusted to pH 2.0 with HCl; 
- 0.01 g/ml of the stock powder was dissolved in 200 mL of the above solution; 
- nisin stock solution was filter.sterilised and kept in the dark at 4 °C. 
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The nisin stock solution was added to the Experimental solution N2 (Appendix A) to 
give the desired nisin concentration. For control experiments, an equivalent volume of 
HCl in solution at pH 2.0 was added to the Experimental solution N2. 
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Appendix C 
PREPARATION OF INHIBITORS 
All the stock solutions were prepared in an appropriate experimental solution used 
for an experiment if not stated otherwise. 
1. CCCP (carbonyl cyanide m-chlorophenyl-hydrazon) 
preparation 
Stock solution (10 mM): 
Sigma Chemical Co., St. Louis, USA 
Catalog No. C-2759 
CCCP 0.041 g 
Experimental solution 20 mL 
CCCP was dissolved in 1-2 drops of 4 M NaOH followed by dilution in the 
experimental solution. pH was adjusted using 4 M HCl until the first precipitation 
occurred.- Final pH of solution was within the range of pH 8.2-8.5. 
Application: 
CCCP was applied to an experimental chamber together with the appropriate amount 
ofHCl to compensate for the pH change. The necessary HCl amount was determined 
experimentally in each case before the experiments commencing. 
2. Sodium orthovanadate (Na3 V04} 
Sigma Chemical Co., St. Louis, USA 
Catalog No. S-6508 
Stock solution (50 mM): 
Na3V04 0.184 g 
Experimental solution 20 mL 
Sodium orthovanadate was dissolved in 1-2 drops of 4 M NaOH and the following 
procedures of stock preparation and the inhibitor application were similar to those for 
CCCP. 
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3. DCCD (1,3-dicyclohexylcarbodiimide). 
Aldrich Chemical Co., Inc., WL USA 
Catalog No. D 8,000-2 
Stock solution (JO mM): 
DCCD 0.0412 g 
Ethanol 96% lOmL 
Experimental solution 10 mL 
DCCD was dissolved in ethanol followed by addition of the Experimental solution 
N2. 
4. Lantanum chloride (LaC13l_. 
Sigma Chemical Co., Steinheim, Germany 
Catalog No. L-41319 
Stock solution (JO mM): 
0.0743 g 
Experimental solution 20 mL 
Lantanum chloride was directly dissolved in the experimental solution used. 
